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Abstract
Dredged sediment materials stored in confined disposal facilities (CDF) contain
several hydrophobic organic compounds(HOC) such as polynudear aromatic hydrocarbons
(PAH), some o f which are suspected carcinogens. The primary objective o f this study was
to evaluate the volatilization o f HOCs from contaminated, exposed sediment dredged
materials and contribute to the risk assessment framework being developed by the U. S.
Army Corps o f Engineers.
Laboratory experiments were performed to measure HOC tracer emissions to air
from contaminated sediments (laboratory inoculated and field aged) placed in a specially
designed flux chamber. Flux was influenced by a number o f factors such as relative humidity
o f the air in contact with the surface, sediment moisture content, sediment porosity and
sediment oil and grease content. These factors affected the concentration o f chemical
available for transport in the pore air as a result o f differences in sorptive retardation of the
chemical to the sediment and contaminant diffusion. Reworking o f sediments enhanced
fluxes from field sediments due to exposure o f fresh sediments to the air. Capping of
exposed dredged material, with two materials - clean sand and clean sediment, resulted in
significant decrease o f the tracer chemical emission. There was satisfactory agreement
between experimental data and model prediction. The effect of shrinkage cracks, on the
surface o f exposed dredged material, on emission was evaluated using an empirical
expression developed from existing water evaporation data from a simulated crack. Air
emissions from resuspended sediments were measured using an oscillating grid flux chamber
containing a bed o f contaminated sediment. The fluxes to air were directly related to the
suspended sediment concentration.
xv
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The observations in laboratory studies were verified in a field experiment using a
pilot scale CDF and the measured fluxes were in good agreement with model predicted
fluxes. The measured emission flux o f phenanthrene from the pilot CDF were used in an
atmospheric dispersion model to assess human exposure risk.

xvi
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Chapter 1
Introduction
Bottom sediments in certain rivers, harbors and near-shore areas o f large water
bodies are sources o f hazardous substances. These compounds have accumulated in the
sediments through past industrial, municipal point and non-point source discharges.
Regulatory measures have ensured the decrease or elimination o f some o f these discharges.
However, a number o f hazardous hydrophobic organic compounds (HOCs), such as PAHs
(polynudear aromatic hydrocarbons) and PCBs (polychlorinated biphenyls) tend to
partition favorably to the organic fraction o f the sediment. Slow, but persistent, release
from the sediments leads to impaired water quality and contribute to toxic effects in aquatic
biota and potentially to humans.
The US Army Corps o f Engineers (US ACE) has the primary responsibility o f
maintaining the sediments in waterways for two primary reasons - (a) navigation and (b)
remediation. Dredging is one o f the most commonly used methods to achieve the two
primary objectives. Approximately 14-28 million cubic yards o f contaminated sediments
are managed annually (NRC, 1997) by the US ACE. Sediments are dredged from selected
contaminated sites and relocated for storage, treatment or disposal. Confined Disposal
Facilities (CDFs) are one of the available options of storing or disposing contaminated
sediment. The US ACE uses CDFs to dispose contaminated dredged material from
shipping channels and harbors in the Great Lakes, along the Atlantic and Gulf coasts and
to some extent along the pacific coast. Increasing attention is being directed towards the
natural pathways o f contaminants out o f a CDF to enter the water and air environments
(US EPA, 1996). Volatilization o f the organic compounds from the very large exposed

1
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surfaces o f dredged material in CDFs is a significant mechanism o f contaminant transport
from a CDF. However, laboratory and field data on the volatilization of hydrophobic
organic compounds, specifically PAHs, from CDFs are scarce. There are a few predictive
models, but very few data are available to validate these models. It is important to have
robust risk assessment tools to aid in the process o f CDF siting and designing emission
control measures. The primary objective o f the work described in this document aims at
bridging this gap and establish and extend the validity o f existing mathematical models.
1.1

P olynudear Arom atic H ydrocarbons - O ccurrence and Carcinogenicity
Polynudear aromatic hydrocarbons (PAHs) constitute a large and diverse class o f

organic molecules. A number o f commercially useful products derived from the refining o f
crude oil contain large quantities o f PAHs. Also present are a number o f polycyclic
aromatic and heterocyclic analogs containing one or more nitrogen, oxygen or sulfur
atoms. The principal sources o f PAHs in the environment are combustion of fossil fuels in
heat and power generation, refuse burning and coke ovens. About 50% of the nationwide
emissions o f benzo[a] pyrene, a compound commonly used as a standard for PAH
emissions, are from these sources. Vehicle emissions are another major source contributing
to as much as 35% to the total PAHs in the US. Natural sources such as forest fires and
volcanic activity also contribute to the overall levels, but anthropogenic sources are
significant.
A majority of the PAH emissions into the environment directly to the atmosphere.
In an estimate, the annual emission o f benzo[a]pyrene into the atmosphere was 1,300
tonnes in the United States. Many o f the airborne PAHs are associated with or adsorbed
on particulate matter. In general, the PAHs remain in the gas phase at temperatures below
2
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150 °C but rapidly condense onto fly-ash particles below that temperature (Schure and
Natusch, 1982). The PAHs in fresh w ater may originate from the fallout o f particulate
matter transported through the air, from runoff o f polluted ground sources, as well as from
direct pollution o f rivers and lakes by municipal and industrial effluents (Harvey, 1997;
Baum, 1978). Another source o f PAH in soil environments is through natural sources like
forest fires. Contamination o f sediment occurs primarily through the overlying water. These
compounds are hydrophobic and hence adsorb onto the organic fraction o f sediments.
Since some o f the PAHs are slowly degraded, they have a tendency to remain in the
sediment undisturbed for a very long time. Hence, they pose a long term threat to human
health by ‘bleeding’ contaminants to the overlying water (Baum, 1978). The PAHs, now
in the water column, enter the food chain by being taken up by plankton, molluscs and fish.
The carcinogenic properties o f PAHs have been widely studied since the late
eighteenth century in form or the other. Formal experimental hydrocarbon carcinogenesis
research was initiated early this century. Several PAHs were discovered to produce cancer
in laboratory animals (Kennaway, 1955) and hence were perceived as suspected
carcinogens for humans. A summary o f the extent of carcinogenic activity in various PAHs
is reviewed and summarized by Hoffmann et al. (1978).
1.2

Confined Disposal Facilities (CDFs)
One o f the remedial alternatives for contaminated sediment dredged material

disposal is through the use o f confined disposal facilities (CDFs) (the terms confined
disposal facility, confined disposal area, confined disposal site, diked disposal area,
containment area and diked dredged material containment area are used interchangeably
in the literature). Figure 1.1 shows the common classification o f CDFs on the basis o f their
3
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Figure 1.1. General locales for siting CDFs
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

location. CDFs are rarely sited very far away from the waterway for which the CDF serves
as a disposal site. Transportation costs are a prohibitive factor as is the difficulty o f finding
suitable remote sites. Upland CDFs are generally located adjacent to the waterway with
one side usually bordering the waterway. Nearshore CDFs are located along a shoreline
with three sides bounded by water. In-water CDFs are surrounded on all sides by water.
Simple criteria for siting and designing a CDF are
•

To provide adequate storage capacity to meet dredging requirements

•

To attain the highest possible efficiency in retaining solids during filling operations
(Palermo et al., 1978; US ACE, 1987).
Solids retention is important because the major fraction o f the contaminants in the

dredged material is bound to sediment solids (Burks et al., 1978). The water and sediment
separate in the CDF by gravity sedimentation and the clarified water is the effluent that
potentially impacts surface water quality. The settling characteristics o f the dredged
material are important for
•

Determining the residence time required for clarification to a target effluent
suspended sediment solids concentration

•

Determining the bulk density, which governs the porosity and consequently the
effective diffusivity o f vapor phase transport o f the contaminant from the CDF.

1.3

Pathways for C ontam inant T ransport O ut of a CDF
Figure 1.2 schematically represents the various contaminant transport pathways

from a CDF. Volatilization is one of the significant pathways for the hazardous
contaminants to escape the CDF. There have been few instances o f expressed concern o f
volatile emissions from odorous compounds (e.g. hydrogen sulfide, ammonia, mercaptans)
5
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that potentially reduce air quality from the Indiana Harbor upland CDF. This concern is
highlighted due to its proximity to a high school and potential adverse health impacts on
the safety o f the site personnel.. Four volatilization locales were identified during and after
the filling stages o f a CDF ( Thibodeaux, 1989; Valsaraj et al., 1995). These were as
follows:
•

Dredged material transportation devices: Volatile losses can occur during the
transportation o f dredged material from the dredge site to the CDF. Transportation
The most common means o f dredged material transport are pipelines, scows,
barges and hoppers (EPA 1996). Volatilization can occur at all stages the sediment
is exposed during transport and hence is predominant for devices such as scows,
barges, trucks or other open-top transport vessels.

•

Ponded dredged material: During the filling o f a CDF, as shown in Figure 1 2(a),
there is large volume o f podded water or fine sediment suspension on the surface
of a CDF after the settling o f the bulk sediment solids.

•

Exposed sediment dredged material: During and after the filling stages of a CDF,
the settled solids will lose the water by either evaporation from the surface or
through leaching and expose the sediment solids to the atmosphere. Figure 1 2(a,b)
illustrate this locale. After the CDF is completely filled, the locale o f exposed
dredged material constitutes the bulk o f the CDF and is therefore a very significant
source o f volatilization.

•

Vegetation covered dredged material: After the CDF is completely filled, natural
vegetation growth occurs on the exposed sediment surface. Volatilization can
occur from the surface of the vegetation. In general, the vegetation cover serves as
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a resistive barrier for evaporation o f chemicals or water from the soil/sediment
surface.
Table 1.1 presents a tentative ranking o f the volatilization potential o f the four
locales discussed above, on the basis o f the expected volatilization rates. The exposed
sediment dredged material locale has the highest ranking owing to the large surface area
o f exposure, relatively high mass transfer coefficient and a high concentration of the
contaminant. The ponded sediment locale has the next ranking, since it is fairly significant
during the filling stages and also during any precipitation event after the CDF is filled. The
vegetation cover has a large surface area, but the growth acts as a mass transfer barrier and
hence has a lower ranking.
Table 1.1 Ranking of volatilization locales in a CDF
Area

K

Ranking

a) Dredged material transportation devices

L

L

4

b) Ponded dredged material

L

H

2

c) Exposed dredged material

H

H

I

Locale

L
H
3
d) Vegetation covered dredged material
Emission Rates = C * A * k,
where C = Concentration, A = Exposed Surface Area, ka = Mass Transfer Coefficient
L = Low, H = High
1.4

O ther Pathways of contam inant tran sp o rt from a CDF
Figure 1.2 (b) shows a few of the other pathways for contaminant loss from CDFs.

These are discussed briefly in this section
•

Leaching and seepage: Contaminants may be mobilized to regions beyond the
facility boundary due to leaching. Leachate is contaminated pore water and leaching
is the combination o f contaminant desorption from sediment solids and the

8
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transport of pore water. In most cases, the biggest threat due to leaching is the
contamination o f ground water. Leachate flow varies as a factor o f local
climatology, dredged material properties and facility design. HELP (Hydrologic
Evaluation of Landfill Performance) is a computer simulation program (Schroeder
et al., 1988) that takes into account the factors to predict leachate flow and seepage
in landfill systems. Techniques for predicting leachate quality are based on
equilibrium partitioning theory. Application o f this theory to dredged material
leaching is described by Hill et al. (1988), Myers et al. (1992) and Brannon et al.
(1994).
Effluent losses: Effluent loss pertains to the loss o f particulate and dissolved
compounds in the effluent stream. The effluent loss rate depends on the influent
rate ( Palermo et al., 1978; US ACE, 1987), column settling, modified elutriate
test (Palermo, 1986) and sedimentation basin design. Predictive equations have
been suggested by several researchers. (Myers et al., 1993; Myers, 1991)
Surface Runoff: This sub-section pertains to the loss o f contaminant due to the
surface run off during and after a precipitation event. A series o f field verification
test were conducted (Peters et al., 1981 and Lee and Skogerboe, 1984) in a
Rainfall simulator-lysimeter system to study surface runoff from CDFs. During the
early stages after filling a CDF, contaminant transport in a surface run off from a
wet freshly dredged material is mainly associated with suspended solids. As the
sediment ages in a CDF, depending on the sediment characteristics, the
contaminant concentrations associated with surface runoff was observed to
decrease or remain the same (Palermo et al., 1989; Skogerboe et al., 1989).
9
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1.5

Objectives of Present Study
There are few field data on volatile emissions o f PAHs from CDFs in the literature

and almost no data for PAHs. Semmler (1990) performed a desktop evaluation o f the
relative significance o f PCB volatile losses from an upland and an in-water CDF filled with
dredged material from Indiana Harbor, Indiana. This analysis indicated that volatile PCB
losses from an upland CDF were approximately four times the volatile PCB losses from an
in-water CDF. It also indicated that volatile PCB losses from both disposal locales were
three orders of magnitude higher than PCB losses associated leaching and four orders of
magnitude higher than PCB losses associated with dike seepage. Semmler (1993)
conducted field studies at a CDF in which PCB concentrations in sediment, water and air
compartments were monitored. The few field results showed that the volatile pathway
accounted for the majority o f PCB loss from May to October. These studies serve as the
most significant motivation for the present study.
There is a need for more extensive laboratory and field data on the volatilization of
hydrophobic organic compounds from exposed dredged material. This can serve in the
development o f reliable risk assessment tools that are needed to assist in the decision
making process of siting CDFs and controlling contaminant release from existing CDFs.
Volatilization of HOCs from a heterogeneous medium, such as the dredged material in a
CDF, is complex and involves a number of coupled processes. To build a comprehensive
analytical tool, it is imperative that these mechanisms be decoupled and studied
independently to provide evidence for a reliable theory. This forms the core objective of
this study and focuses on a number o f these individual factors while attempting to tie them
together.
10
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The present study is divided into several logical units, each addressing a particular
segment o f the objective in this study and are as follows:
•

The transport o f PAHs from exposed dredged material is dependent on a number
o f physical parameters that characterize the bulk o f the dredge material solids.
Laboratory experiments were conducted in realistic microcosms to obtain flux data.
The corresponding measurement of all the parameters were applied to the basic
model to obtain an a-priori prediction of the flux. This analysis o f experiment and
model is needed to provide information on the relation o f the model physical
parameters to the observed flux. The dredged material in a CDF is also exposed to
varying meteorological conditions. Changing air relative humidity is one o f the
most dynamic variables that affects the equilibrium. Sediment moisture content is
another factor that affects the transport parameters. In Chapter 2, laboratory
experiments are suggested that address the aforementioned issues.

•

There are significant differences between laboratory inoculated sediments and aged
field sediments, primarily the period of contact o f the contaminants with the
sediment solids. The other significant aspect in a number o f field sediments is the
presence of a petroleum-based oil and grease component. The effects o f these
factors on transport properties were investigated in laboratory experiments
described in chapter 3.

•

The presence of oil and grease in sediment dredged material has a significant impact
on the fluxes. The exact nature of their influence on the magnitude o f flux were
studied with respect to the predictive capabilities o f existing mathematical model.
Chapter 4 discusses the laboratory experiments and the analysis o f the results.
11
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•

Capping o f sediments is a widely used method to control contaminant fluxes in sub
aqueous sediments. Their effectiveness in controlling emissions from exposed
sediment dredged material in CDFs were evaluated as an option. In chapter 5,
laboratory data is obtained with two different caps. A mathematical model is
presented in relation to the experimental data.

•

The ultimate objective o f these studies are to measure emissions in a real CDF and
demonstrate the usage and applicability of the models developed in a field set up.
To make the this transition, a pilot scale field study was performed. Chapter 6
discusses the experimental details and model application to the pilot scale data.

•

Large surface cracks appear on the surface o f CDFs due to dessication or
evaporation o f water. These cracks are important in the consideration o f water
infiltration in agricultural applications. Since the area covered by these cracks
appear significant, it is useful to obtain a risk estimate or evaluation o f the emission
potential change caused by these cracks. In chapter 7, a theoretical analysis o f the
effect o f surface dessication cracks on the sediment surface on the total emissions
from a CDF is presented. Experimental data from a different study is discussed and
utilized to develop an empirical model to estimate fluxes from cracks.

•

Sediment resuspension occurs when a dredge head disturbs the sediment bed to
pick up sediment. This causes an increase in the local suspended solids
concentration. There could be significant air emissions caused by the resuspended
sediment. This scenario can also occur in a CDF (locale 1). Chapter 8 provides
experimental results and the evaluation o f emissions from resuspended sediments.

12
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Chapter 2
Air Emissions of Hydrophobic Organic Compounds from
Laboratory Inoculated Sediment
In the previous chapter, exposed sediment dredged material was identified as one
o f the locales contributing to the volatilization o f HOCs from in a CDF. Evaporation o f
PAHs depend on the transport and thermodynamic properties o f the sediment-contaminant
system. Dredged sediment materials stored in a CDF undergo a number o f physical changes
during their lifetime. After the filling o f a CDF, loss of water occurs either by evaporation
or percolation. This leads to drying of the surface, shrinkage o f the dredged material and
changes in the dredged material moisture content and bulk density. These changes affect the
effective pore fraction that control transport rates in porous media. This chapter delineates
the effect o f these parameters on vapor phase transport of PAHs from the exposed sediment
solids to the air above the surface that sweeps it. A literature review of surface flux
measurements o f organic compounds and common flux measurement techniques from open
surfaces is presented. This is followed by detailed description o f the flux measurement
techniques adopted in this study. The subsequent sections detail the materials and the
methods used in the study, the theory, model description, definition o f the model
parameters, experimental results and discussion.
2.1

Literature Review of Surface Emission Measurement and Monitoring Methods
There are a number o f reports o f laboratory or field experiments conducted to

measure emissions from soil and liquid surfaces. A majority o f these concern the emissions
o f pesticides from agricultural fields. Spencer and Cliath (1977) provide an extensive review
o f the volatilization data for pesticides in laboratory and field measurements. Other reports

13
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include the emission o f petroleum based volatile organic hydrocarbons from landfills,
landfarms, treatment plants or chemical spills. A number o f these experiments were
conducted in wind tunnels and the evaporation rates were measured directly from compound
loss measured in the soil placed in a Iysimeter. This is an indirect method o f measuring
evaporation flux. The mass difference in a soil or sediment matrix might represent
biodegradation, chemical oxidation or leaching over a period o f time in addition to
volatilization.
Aerodynamic or micro-meteorological methods have been used to evaluate
emissions from liquids in surface impoundments (Thibodeaux et al., 1984) or from
agricultural fields (Pamelle et al., 1972; Cliath et al., 1980). These methods utilize the
boundary layer theory and compute flux from compound concentrations, measured at
receptors placed at logarithmic heights from the surface. This is a more direct measure o f
volatilization than the wind-tunnel studies. This method is useful in field measurements in
open fields and for relatively volatile compounds. It is however, highly dependent on the
accurate meteorological measurements as inputs to the models. Sensitivity of monitoring
equipment can be a problem due to the high dilution and the resultant low concentrations.
This particularly makes this method highly unsuitable for PAH emission monitoring.
Emission isolation chambers have also been used to measure contaminant flux from
a small representative area o f a contaminated surface. The enclosure approach has been used
by researchers to measure emission fluxes of sulfur, nitrous oxides and volatile organic
species from a variety o f surfaces (Hill et al., 1978; Adams, 1978; Denmead, 1979). A version
o f the chamber, developed by Eklund et al (1985), consisted o f a hollow stainless steel
cylinder that was inserted into the soil so as to enclose a portion o f the soil surface. A
14
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plexiglass dome fixed on top o f the stainless steel cylinder enclosed the vapor space above
the surface. Bottled air was introduced into the dome through an inlet and the vapor space
inside the dome was well mixed using a motorized impeller. The outlet stream was drawn
into a sample collector system or a portable gas chromatography instrument. Various probes
inserted through the dome measured the temperature, pressure and the relative humidity in
the vapor space. The argument in favor o f this technique, as mentioned above, is that direct
measurement of emissions from a defined surface area was possible. The emissions are
however subject to the inlet sweep gas conditions of flow rate, pressure and relative
humidity.

The presence o f a mixer/impeller creates a turbulence that is not a true

representation o f the air side conditions and the natural atmospheric boundary layer as it
exists above a real soil surface. The absence o f the mixer might create stagnant zones in the
vapor space and does not ensure representative air sampling at the outlet. Modifications of
this chamber have been applied in a number o f laboratory and field studies (Dupont, 1986;
Brannon, 1989).
A flux measurement technique developed more recently is through the use of near
surface soil vapor clusters (Ergas et al.,2000). This is an indirect method that measures the
concentration profile o f pore air in the soil matrix by using small stainless steel porous
receptors placed at various depths in soil. These receptors are connected to thin tubing
leading to low volume sampling ports at the surface. A syringe is used to draw out the vapor
space associated with a certain receptor at its corresponding sampling port. The advantage
that this technique has over the others is that, it does not disturb the natural atmospheric
boundary layer and since direct pore air is collected, there is no dilution and the
concentrations are higher than in the other cases, leading to lower detection limits. The
15
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disadvantage is the requirement of a robust model that restricts its usage in a number of test
conditions. If the matrix has a high water content, the method becomes less reliable.
Other methods o f emission monitoring include remote sensing using light detection
and ranging. Fourier transform infrared and ultraviolet sensors provide real-time estimates
o f fugitive emissions without disturbing the source. These sensors have been used to
characterize emissions from area sources such as hazardous waste sites (Grant et al., 1992).
A major disadvantage o f remote sensing is the very high cost o f instrumentation and
personnel training. Additionally, atmospheric trace gases such as water vapor, carbon
dioxide and ozone can interfere with the measurements o f target gases.
2.2

Selection of Flux Measurement Technique
For the reasons outlined in the previous section, aerodynamic methods were not

deemed useful due to the low concentrations expected for the low vapor pressures
compounds in question.

This method also required a robust and reliable micro-

meteorological measurement system. The vapor clusters method is unsuitable for dredged
sediment material with a high initial moisture content. Since the sediment side undergoes
considerable changes during its lifetime in a CDF, the easiest method which suits the study
was the technique o f direct surface emissions measurement. In the present study, the
isolation chamber technique was modified and implemented to suit the objectives of the
study. As mentioned in the previous section, the use of flux chambers creates a new air side
scenario during the emissions and does not retain the natural atmospheric boundary layer.
To avoid the vapor space inhomogeneity seen in the design by Eklund (1985), the air gap
was set to be as small as possible. For compounds whose emission is not controlled by airside conditions, this method will work. For those which are controlled by the air-side
16
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conditions, corrections can be applied using the well characterized theories o f soil-air
transport (Thibodeaux and Scott, 1984).
Preliminary flux measurements o f PAHs from exposed surfaces o f dredged material
obtained from a field site were conducted in our laboratory using a prototype flux chamber.
The design o f this prototype was based on a flux chamber design by Spencer et al.(1979).
The details o f the construction o f this flux chamber are contained in Valsaraj et al (1997).
The experiments were conducted with a thin layer o f sediment (3-5 mm deep) obtained from
Rouge River, MI, with air passing over the surface at a fixed flow rate and controlled
humidity was passed over it. Cyclic changes in the inlet air relative humidity were studied
for the responses in the flux o f PAHs. The preliminary lab tests led to the next set o f
experiments with deeper sediment layers. The design o f the thin cell chamber was extended
to construct the deep cell flux chamber as described in the following section.
2.3

Experimental
2.3.1

Laboratory Flux Chamber

The various sections o f the flux chamber are described schematically in Figure 2.1.
The flux chamber was constructed o f anodized aluminum. The top section is described in
Figure 2.1a and 2.1b. The top section comprised o f an air inlet, an air distribution groove
network, a rectangular view glass, another air distribution groove network and the air outlet.
The air distribution grooves, 3mm wide and 2mm deep, were carved into the bottom face
o f the top section as shown in Figure 2. lb. There were 10 channels on the inlet side and 9
on the outlet side. The main feature o f the bottom section was the sediment cavity, 15 cm
long in the direction o f flow, 25 cm wide and 10 cm deep. This mouth o f this cavity
corresponded to the area o f the rectangular view glass in the top section. When both the
17
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sections are connected, the sediment surface could be observed through the view glass.
After loading the sediment into the cavity, both sections were sealed together air tight. A
groove around the air passages and the glass window allowed for the placement o f a Teflon
sealant tape, that enabled an air tight seal between the two sections. The two sections were
bolted together with the help o f nearly 20 set screws around the air passages.
It was desirable that air flowed across the width of the chamber as uniformly as
possible and that there were no preferential paths o f flow. The uniformity o f flow depended
on the air flow rate, width o f the channels and the presence of sufficient baffles to cause
equal flow in all the channels o f the distributor groove section at the in the flux chamber. A
visual test was devised to verify the extent o f uniformity. Figure 2.2 describes this test
schematically. A monolayer o f indicating-Drierite® was placed in the bottom section such
that the air flowing over the sediment cavity was in close contact with the drierite
(commercial state is C aS04.H20 ). Humid air was passed across the drierite surface at a set
flow rate, similar to that used in the flux experiments. Dry drierite has a blue color which
turns to pink as it gets saturated on contact with humidity. When humid air passed over the
drierite, it created regions o f pink indicating regions where air passed over the drierite.
Perfectly uniform flow would give a flat front o f pink color moving across the width o f the
sediment surface. Highly non-uniform flow will give irregular wave front o f pink color. To
adjust the flow to get a reasonably uniform flow, extra baffles were created and certain
channels were partially blocked using modeling clay or Teflon tape strips. The profiles after
each adjustment, were recorded on a transparency placed on top of the glass window and
tracing the front o f pink color on the drierite surface.

19
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Figure 2.3 shows a schematic o f the generic experimental set up used in most of the
flux experiments in this study. Inlet air to the flux chamber was supplied from a compressed
source. The flux chamber was fed air from a compressed air source at a fixed flow rate
(typically 1.7 L/min). The relative humidity o f the inlet air was maintained at 0% and 100%
by placing a drierite bed or a gas bubbler, respectively, in line. The PAHs in the outlet air
stream were trapped in a XAD-2 resin bed (ORBO 43 - from Supelco ®). Each ORBO trap
consisted o f two beds o f 100 and 50 mg o f XAD-2 resin in series. During a normal
experimental run, two such traps were connected in series for each sampling interval, so as
to avoid any contaminant loss by breakthrough. The chamber holding the sediment was
completely filled with sediment for a few initial experiments. In the remaining experiments,
a portion o f the sediment cavity was blocked and area of 110 cm2 (4.5 cm length x 23.5 cm
width) was used instead o f the total 375 cm2 available. Thermohygrometers connected in
line measured the relative humidity before or after contact with the sediment surface. The
flow o f air was controlled and measured using a flowmeter (Gilmont ®).
2.3.2

Contaminants and Sediments

A local uncontaminated sediment (ULS) from University Lake in Baton Rouge was
used as the test sediment. The sediment was collected using a box corer and processed
according to the methods described by Thoma (1994). The sediment was passed through
a 2-mm sieve to obtain a fine fraction. University Lake sediment was used because o f the
flexibility to tailor the sediment properties to suit the study of the effect o f specific sediment
variables such as contaminant loading or moisture content. Additionally there were no
species o f chemicals that would potentially interfere in the analysis, specific The properties
o f the sediment have a direct bearing on the availability and transport o f the contaminant
21
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aqueous and vapor phase contaminants. The properties o f the sediment and contaminants
are listed in Table 2.1(a,b). The importance o f each o f these parameters will be explained
in section 3 o f this chapter. The sediment (ULS) was inoculated with three contaminants o f
interest. Two PAHS, phenanthrene (PHE), and pyrene (PYR) and one heterocyclic aromatic
compound dibenzofiiran (DBF) were chosen as tracers. The structures o f these compounds
are shown in Figure 2.4. These tracers were chosen since they were found commonly in
most contaminated sediment sites. These are semi volatile and hydrophobic and tend to
accumulate in the biota. The relevant properties o f the contaminants are given in Table 2.1b.
In combination with the sediment properties and a hypothesized transport mechanism, the
contaminant properties complete the description o f transport in the systems o f interest.
2.3.3

Sediment inoculation and preparation

The sieved sediment was spiked with the tracer chemicals using a procedure
developed by Thoma (1994). Inoculations were performed in a 1-gallon glass jar with one
batch o f the sediment, usually about 4 kg o f wet sediment slurry (about 50 % moisture
content on a wet basis). A target loading value (mass of contaminant per mass o f dry
sediment) and the dry sediment mass (from moisture content measurements) are
predetermined and the calculated amount o f contaminants are dissolved in hexane and added
to a gallon jar. The contaminant chemicals were purchased from Aldrich chemical company.
Phenanthrene (98%), pyrene (99%) and dibenzofuran (99+%) were used as received. While
the jar was rotating on its side, a nitrogen stream (Ultra pure Nitrogen, Grade 5 from BOC
Gases) was directed into the jar to evaporate the hexane. This produced a coating o f the
contaminant crystals on the walls o f the glass jar. Sodium azide and mercuric chloride are
biocides and are used to prevent any significant biodegradation during the experimental runs
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Table 2.1 Properties of sediments and contaminant tracers
a) Sediment___________________
6.5% moisture

26% moisture

fraction organic carbon, foe

0.03

0.03

Bulk density, pb (g/cm3)

0.74

1.2

sand (%)

3

3

silt (%)

41

41

clay(%)

56

56

0.72

0.52

0.67

0.03

dibenzofuran loading (mg/kg)

46 ± 4

108 ± 2 3

phenanthrene loading (mg/kg)

67 ± 2

97 ± 4

55 ± 3

94 ± 5

Property

total porosity,

(cm3/cm3)

air-filled porosity, eA(cm3/cm3)

pyrene loading (mg/kg)
b) Contaminants

DBF

PHE

PYR

aqueous solubility (mg/L)

10

1

0.15

vapor pressure (mm Hg)

0.0036

0.00025

4.5 x 10'5

4.0

4.4

4.8

0.0031

0.0025

0.00045

0.06

0.058

0.054

4.87
6.8

5.91
8.0

6.63
10.0

Property

log Kqc (L/kg)a
Henry’s constant, He (-)
diffiisivity in air, cm2/s, DA
sediment-air partition constanth, KSA^
L/kg
ULS, w e t, log K sa
ULS, dry , log KSA
a From Thoma (1994), b deSeze (2000)

(Fletcher and Kaufman, 1980). 500 mg/kg o f sodium azide or mercuric chloride in an
aqueous solution was added along with sediment slurry to the jars in small increments along
with the wet sediment and the jars were set to tumble after sealing. The inoculated sediment
jars tumbled for at least 3 weeks, following which they were stored at 4°C until use.
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Sediments with a 26% moisture content were prepared by air drying the inoculated
wet sediment in a fume hood and checking the moisture content at various intervals. The
sediment was not allowed to become dry or brittle. It retained a wetness and an elasticity
that was just enough to allow the handling o f the sediment without cracking or crumbling.
The consistency resembled that of a clod o f clay. The 6.5 % moisture content sediment was
prepared by air drying the wet inoculated sediment to about 2-3 % moisture content. The
dry sediment was brittle and it was crushed and sieved through a 2 mm filter. The prepared
sediment had a powdery nature. Appropriate amounts o f water was added to readjust the
moisture content to 6.5%. The sediments were set to equilibrate with new moisture content
for another week. Representative samples were drawn out of the moisture adjusted
sediments to measure the moisture content, contaminant loading and fractional organic
carbon.
2.3.4

Experimental Run

The sediment solids were loaded into the chamber carefully in small batches ensuring
the removal of any large air pockets. Since the 26% moisture sediment was neither a slurry
nor powdery, it was packed into the chamber cavity by hand. The 6.5 % sediment was
powdery and hence was packed by continuous tapping o f the chamber. The mass o f the
sediment added and the volume o f the sediment cavity were recorded. The surface o f the
sediment was rendered as plane as possible with the help o f a blade. The edges o f the
chamber were lubricated with vacuum grease, sealed and tested for air leaks. An ORBO trap
was connected at the outlet and the inlet air flow released. The first 30-45 minutes o f air
flow across the chamber were considered as a purge period, when the PAHs accumulated
on top of the sediment surface during the loading were flushed. The ORBO traps were
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replaced and the experimental run was deemed to have commenced. Sampling intervals were
short for the first 2 days o f the experimental run, typically 6 hours to 12 hours. The ORBO
traps were replaced at the end o f each sampling interval, labeled and stored at room
temperature until extraction and analysis was performed. The 26% moisture experiment was
performed with dry air passing over the sediment for a certain period o f time before
switching to humid air. A Drierite® bed was used to desiccate the inlet air and was replaced
whenever the bed was completely pink. The 6.5% moisture sediment experiment was
performed with humid air passing over the surface for about 650 hours before switching to
dry air. Air was water saturated by passing compressed air through gas bubbler, which was
replenished every 48 hours during a run.
At the termination o f an experimental run, the chamber was opened and the sediment
was sectioned into thin layers and analyzed. Sections were thin (0.2 - 0.4 cm) in the top 1
cm o f the sediment. Subsequent section thicknesses varied from 0 .5 -2 cm. Sectioning was
performed with a specially constructed blade with a supporting rod across to rest on the
edge o f the sediment cavity. The height o f the blade from the supporting rod was adjustable.
Each section was placed in a 20 mL glass vial, sealed and stored at 4 °C until further
analysis.
2.3.5

Analytical Methods

•

Air samples: The ORBO traps were analyzed for PAHs according to the
NIOSH method 5506. The contents o f the trap are emptied into a 20 mL
scintillation vial and extracted with 6 mL acetonitrile. This extract in
acetonitriie was analyzed for PAHs by liquid chromatography (HP 1090, HP
1100) using EPA method 8270 (U S EPA, 1996) using a Deuterium lamp
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source to measure UV absorbance. The details of the chromatographic
instrument parameters are described in Appendix A. The concentration of
the extract was obtained from the UV absorbance magnitude and an external
standard calibration. This concentration was multiplied by the volume of
acetonitrile added for the extraction to obtain the mass o f the PAH extracted
or trapped during a time interval.
•

Sediment loading: PAHs in the sediment were extracted using sonication
extraction according to the EPA-SW 846 method 8310 using a 1:1 mixture
o f hexane and acetone. The extract was concentrated and the solvent
exchanged to acetonitrile, suitable for analysis with liquid chromatography.

•

Moisture Content: Small samples o f sediment in a 20 mL scintillation were
placed in an oven at 105 °C for about 24 hours. The difference in weights
represented the moisture content in the sample and are represented on a wet
basis by dividing the moisture lost by the initial wet sediment mass. Moisture
contents throughout this document are represented on a wet basis.

•

Fractional organic carbon (foe): The residual ash method (Davis, 1974) was
used to measure the fractional organic carbon in sediment samples. Samples
were placed in a muffle furnace at about 430 °C for about 24 hours. The
moisture content (determined separately) was used to determine the weight
loss corresponding to organic matter. This weight loss is then divided by
1.724 (the Van Bemmelen factor) to obtain the fractional organic carbon.
The foe is reported on a dry basis throughout this document.
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•

Particle size distribution: Size analysis o f the sediments were performed at
the Wetland Biogeochemistry Institute o f Louisiana State University,
following a procedure described by Patrick, 1958.

2.3.6

Calculation of Experimental Flux

The experimental flux, NA(t) (ng/cm2/hr) was calculated from the contaminant mass
collected in the trap (Am, ng) during the duration o f the sampling interval (At, hours).

<2 »
where Ac was the surface area o f the exposed sediment in the chamber.
2.4

Theory
2.4.1

Transport Model

Figure 2.5 describes the schematic for contaminant transport in the porous media
and evaporation at the surface. The dominant transport mechanism assumed is difliision in
the pore vapor. The two test sediments used in the experiments described in this chapter
have relatively low moisture content and consequently have a continuum o f air in the pore
spaces to facilitate contaminant transport. Therefore the assumption of vapor phase
transport in the pore air is justified. The vapor phase contaminant transport through the
porous media is described by the diffusion equation shown in equation 2.2

3C * - D^

at

Ca

(22)

Rf 3 z 2

with the boundary conditions,
(i)

at z = °°, CA= CA°
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Figure 2.5(a). Schematic for transport model

Direction of Air Flow (at sediment surface)
<5— — ■ » -C*

• Sediment particle
Vapor phase diffusion in the pore spaces
• organic matter
(Concentration C(z,t))
• Water
O Air
6.5 % sediment moisture content matrix
Figure 2.5(b) Schematic of vapor phase transport
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at z = 0, k aC A = D eff

00

(2.4)

dz

and initial condition
at t = 0, CA= CA°

(2.5)

The exact analytical solution for the vapor phase concentration corresponding the system
described is obtained from Choy and Reible (1999) and is shown in equation 2.6

CA(z,t)=C

k.z
Rf z
:)+exp
erf(^4Deff Rf
^ e ff

k ;t

erfc

Rf z

-+k_

(2.6)

D cf f R f

The flux at the surface is given by
N A0 ) = Deff

dz

(2.7)

I z=0

From equation 2.6, this results in the expression for flux, NA(t),

NA(t) = CA°k exp

(2.8)

erfc
^ cir R f

M

where CAis the pore air phase contaminant concentration, Deff is the effective diffiisivity o f
the contaminant in the mobile phase and Rf is the retardation factor for the contaminant A,
k, is the air-side mass transfer coefficient. Equation 2.2 assumes local equilibrium o f the
contaminant between the sediment and fluid phases in contact with the sediment. The
diffusive continuum at the air-sediment interface implies that there is a resistance to
transport on the air-side. The terms that appear in the model and their impact on the flux and
pore air concentration are discussed in the following paragraphs.
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2.4.2

Effective Diffusivity, Dc(r

In a heterogeneous porous medium, the pure vapor phase diffusivity o f
a compound is corrected to take into account the tortuosity o f the porous media to obtain
an effective diffusivity. The most common expression relating pure phase diffusivity and
the effective diffusivity in porous media is the one developed by Millington -Quirk (1961)
and shown below
€

10/3

(2.9)

2

where em is the porosity of the mobile phase in question (vapor in the current system), eT
is the total porosity and D is the pure diffusivity of the contaminant in the pure phase. With
relation to the current system, elw is the air-filled porosity and e? is the total porosity and
includes the volume fractions o f both air and water in the pore spaces. If the pore spaces
were completely filled with a single phase, the terms ea and Cj- are the same and equation 2.9
becomes
2.10

The flux is a sensitive function o f the effective diffusivity and therefore depends on the
estimate o f the porosities. In systems such as in a CDF, the air-filled or water-filled porosity
depend primarily on the moisture content in the sediment solids.
2.4.3

Retardation Factor, Rr

The retardation factor, R*, is the measure of the adsorptive capacity o f the sediment
solids. Rf derives from the mass balance for a control volume in the porous media. Since we
assume local equilibrium, we expect the concentration of the contaminant between all the
phases according to their relative partition constants. IfW s° is the initial contaminant loading
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(mass o f contaminant per mass o f dry sediment) and pb is the bulk density, the initial mass
of the contaminant in the system, before re-partitioning into the other phases is given by
Ws° pb. Equation 2.11 gives the mass balance relationship, the right hand side represents
the distribution o f contaminant mass at equilibrium.
Ws°Pb =

Cwe w+ WsPb

(2.11)

where, Cw is the water concentration and Ws is the contaminant loading on the sediment
at equilibrium. Using the two phase partition constants, we get Cw = Clil/H<: and Ws =
KSAClir> and therefore,
Rf = e a+

+ KSAPb

(2.12)

where He is the Henry’s constant and KSAis the sediment to air partition constant. Henry’s
constant is the ratio o f the contaminant concentration in air to the concentration in water in
contact, at equilibrium. Henry’s law is applicable to concentration levels that are typically
found in environment. KSAis the ratio o f the concentration on solids to the concentration
in air in contact with the soiids at equilibrium.
2.4.4

Sediment to Air Partition Constant, KSA

The sediment to air partition constant, KSA^ is the most important parameter
governing the availability o f a contaminant and its transport or transformation in the pore
air. It represents the thermodynamic equilibrium state o f a compound in the presence o f two
or more contiguous phases and hence its estimation or measurement is important for the
validity o f any transport model concerning organic compounds and soil porous media. It has
been observed that KSA is a function o f the sediment moisture content (Valsaraj and
Thibodeaux, 1988; Shonnard et al., 1993; Igue et al., 1972; Petersen et al., 1995; Spencer
et al., 1969; Spencer and Cliath, 1974). In the following discussion, the terms sediment and
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soil are used interchangeably, since a majority o f the past work with equilibrium partitioning
have been conducted with soils.
Soil matter consists mainly o f mineral fractions, natural organic m atter and pore
water. Mineral matter which is predominantly montmorillonite, illite and kaolinite and the
organic matter provide large surface areas upon physical or chemisorption can take place.
The organic matter is made up o f three fractions - a) light fraction made up o f decomposing
plant and animal residues b) microorganisms and

c) large polymers resulting from the

degradation o f plant remains such as lignin, humic acids, fulvic acids (Stevenson, 1994).
This organic matter fraction itself is adsorbed on the mineral surfaces.
Three regimes o f soil/sediment bound moisture content have been identified in
relation to adsorption o f hydrophobic organic compounds - “wet”, “damp” and “dry”. The
sediment is considered “dry”, if the percentage water content in the sediment is less than 1
to 2 %, “wet” when then water content is greater than 7% and “damp” between “wet” and
“dry”(Valsaraj and Thibodeaux, 1988). Figure 2.6 shows the relationship between sediment
moisture content and the sediment to air partition constant. At very low water contents (less
than that required to form a monolayer), water can compete with the HOCs for adsorption
sites on both the mineral and organic matter can therefore decrease the adsorption o f HOCs.
On a dry soil surface, a large amount o f HOCs can be adsorbed since there is very little or
no competition from water molecules. When the water content increases to a level enough
to form a monolayer, the water adsorbs preferentially to the mineral matter, since water is
more polar than the HOCs. However, the HOCs adsorb more preferentially on the organic
matter than water. This implies that the partition constant o f HOCs to soil/sediment solids
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Figure 2.6. Relationship of sediment-air partition constant with sediment moisture

decreases when the soil moisture content increases from the “dry” to “wet” regime.
Consequently, the concentration o f a compound available for diffusion out o f the soil is
greater when the soil is “wet” than when it is “dry” . Since it was explained earlier that in the
“wet” regime, the HOC adsorption occurs predominantly on the organic carbon fraction
(foe), the partition constant for “wet” sediments/soils also depends directly on foe. The
physico-chemical mechanism o f the adsorption processes o f VOCs and HOCs are well
reviewed by Valsaraj and Thibodeaux (1988), Thibaud-Erkey et al.(1995) and deSeze
(1999). When the sediment moisture content is in the “wet” regime, the KSAcan be assumed
to be dependent only on the fractional organic carbon on the sediment, since they account
for the majority of the adsorption and hence, can be estimated by
K
f
v
_ ^ o c Loc
, ..
K s a = — „ -------(2.14)
Hc
where K^. is the partition constant of a contaminant between organic carbon and water, foe
is the fractional organic carbon expressed as mass per unit dry mass o f sediment. However,
in a “wet” soil, HOCs are also likely to partition to a smaller extent to the water phase by
way o f dissolution o f adsorption on the water surface (deSeze, 1999). In equation 2.14,
since Kqc is independent o f the type o f soil, KSA can be estimated simply by measuring the
^oc o f the soil/sediment in question. Kqc can be measured experimentally for adsorption or
desorption (ASTM, 1988).
KSa can be measured experimentally for a specific soil and a set o f contaminants.
K sa for DBF and PHE on University lake sediments have been directly measured in another
independent study in our laboratory using a gas saturation technique (deSeze, 1999).
Measurements were performed to obtain partitioning on “wet” and “dry” sediments.
However, in the absence o f direct sediment-air measurements, equation 2.14 is good
36
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measure o f the partition constant for wet sediments with the knowledge o f the fractional
organic carbon.
In the “dry” regime, the mineral surfaces and the organic matter are available for
adsorption. However, the organic matter has a much smaller role than the mineral surfaces
due to the relatively low surface area it offers for non-polar or slightly polar molecules
(Pennel et al., 1992). Additionally, organic matter may even decrease soil adsorption
capacity for a contaminant by competing with the HOC for stronger adsorption sites. The
adsorption can be described by a Brunauer-Emmet-Teller (BET) isotherm o f type II. An
expression to estimate partition constant for HOCs on dry soils is
Ks = RT

(2.15)

where R is the ideal gas constant, T is the temperature, P“*denotes the saturated vapor
pressure and Wmis the soil monolayer capacity and is given by

1/3

W m = 0.917 F A

p2M

(2.16)

where the numerical factor is the projection relating the cross sectional area o f the molecule
to its projected surface area in two-dimensional hexagonal packing, A is the specific surface
area o f the soil, p is the density o f the adsorbed chemical, M is the molar mass o f the
chemical, N is the Avagadro number and F is the fraction o f surface area actually occupied
by adsorbed molecules when full coverage is achieved.
2.4.S

Air-Side Mass Transfer Coefficient, k.

The mass transfer coefficient is estimated from the boundary layer theory correlation
(equation2.17) where Re is the Reynolds number denoted by dv/v, where d is the length
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ofthe surface, v is the average linear velocity of the air stream passing over the surface and
v is the kinematic viscosity.

k, = 0.664 Re05 Sc,/3

(2.17)

There a number of empirical correlations that could be used to estimate the air-side mass
transfer coefficient for various scenario and there are a number o f reviews o f these
(Thibodeaux and Scott, 1985; Thibodeaux, 1996).
2.4.6

Exact and Approximate Chemodynamic Models

The exact model presented above can be simply conceptualized as

CA° - CA
NA(t) = ----- *
m

(2-18)

where CA° is the equilibrium concentration in the sediment bulk based on the initial loading
o f the sediment, CA* is the background concentration in the atmosphere (Thoma, 1994). If
the chemical species concentrations in the sediment dredged material are normalized to
source concentrations, and equation 2.18 can rewritten as

1
Kov

CA°

A Na

,

-

+

k,

711

(2.19)

The ratio CA°/NAis the measure o f the overall mass transfer resistance (1/K^) capturing the
entire process of chemical release and movement in the multimedia system. The right hand
side o f equation 2.19 represent two resistances in series. The pore space concentration of
the contaminant that is in equilibrium with the initial contaminant loading has to diffuse
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through the sediment layers. While this occurs, the contaminant concentration re-adjusts to
the new equilibrium with the layers it is in contact with as it moves up in the direction ofthe
gradient. The resistance to transport offered by the sediment layer involves a thermodynamic
parameter, viz., the retardation factor, Rf and a transport parameter, viz., the effective
diffusivity, D^. From an inspection o f equation 2.19, at early times, t -0 , the chemical flux
is dominated by the air side resistance, 1/k^ However, as time increases, the sediment side
resistance, [(m) / (DcflRf)]1/2 increases in magnitude until the sediment side resistance
controls transport. Two important qualitative observations can be made from the above
approximate models
•

As the hydrophobicity increases the rate o f chemical emission is increasingly
controlled by the air side resistance.

•

At large times, t ~°°, the sediment side resistance controls the emission rate

For certain compounds with relatively higher vapor pressures and lower hydrophobicity, the
air side resistance is very negligible. In equation 2.18, setting l/ka to zero, we get
NA(0 = CA°

711

(2 .20)

Equation 2.20 can also be obtained by solving 2.2 with a different boundary condition,
at z = 0, CA= 0

(2.21)

The concentration, CAat any given depth is given by

CA(z,t) = C 0 erfc
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(2 .22)

2.5

Results and Discussion
2.5.1 EITects o f Sediment Moisture
Figure 2.7 (a)-(c) represents the flux o f DBF, PHE and PYR from the laboratory-

spiked University lake sediment. The first experiment with 6.5% moisture content was run
with humidified inlet air (99% relative humidity). The objective was to tailor a sediment
whose transport properties and thermodynamic properties did not change over the length
o f the experiment. By preparing the sediment as described in section 2.3.3, it was ensured
that the sediment would not shrink or crack, thus keeping the transport properties constant
through the run ofthe experiment. In an independent study, it was observed that, a sediment
with moisture content at or above 6.5% was in equilibrium with water-saturated pore air.
In other words, when the sediment moisture content was 6.5%, there would be no
significant transfer o f water between the water-saturated pore air and the sediment. This
would ensure that the sediment to air partition constant would remain in the “wet” regime.
Also, an associated study was being conducted simultaneously to experimentally measure
sediment to air partition constants using the same sediment properties. The flux experiments
with the 6.5 % moisture content were also designed to test the partition constants measured
in that study. In the experiment with 26% moisture sediment, since the wet air was in
contact with incoming dry air, there was appreciable water loss from the sediment.
However, for the duration o f the experiment (336 h) in the second experiment, the water
flux was constant (-0.45 mg/cm2/hr). Moisture content of the surface sediment did not
change significantly and remained “wet” during the course o f the experiment. There was no
significant sediment compaction or shrinkage in either experiments.
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Figure 2.7. Fluxes from laboratory-inoculated sediment as a function o f
sediment moisture content
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600

The flux ofDBF from the sediment is shown in Figure 2.7(a). For the 6.5% moisture
sediment, the flux decreases from a high value o f 120 ng/cm2/hr to a steady state value of
50 ng/cm2/hr after 300 hours. However, for the 26% moisture sediment, the initial flux was
110 ng/cm2/hr after 6 hours and decreased rapidly to 18 ng/cm2/hr in 336 hours. Clearly, the
long term flux from the 26% moisture sediment was lower than that from the 6.5% moisture
sediment. For the latter case, the predicted fluxes for DBF from two separate conditions are
shown, one where the surface mass transfer coefficient was assumed to be infinite (k,
Equation 2.20) and the second, using a finite mass transfer coefficient (Equation2.8). The
mass transfer coefficient was 0.08 cm/s from boundary layer theory (Equation 2.17). In the
case ofDBF, it was obvious that assuming ka

gave a better fit to the data, indicating that

its mass transfer was not air-side resistance controlled. Decreasing ka to 0.08cm/s increased
the air side resistance decreased the flux slightly. The effect o f ka is evident only in the early
stages o f the experiment, when the sediment surface primarily contributes to contaminant
flux. In the later stages o f the experiment, the emission is increasingly controlled by the
sediment resistance. The same conclusions also applied to the 26 % moisture sediment. The
primary difference between the simulations for the two sediments was due to the changes
in air filled porosity which in turn changed the value o f the effective diffusivity in the
models. The calculated value o f Deff for DBF in the 6.5 % moisture ULS was 0.02 cm2/s
and was 454 times larger than the Defr for the 26% moisture content ULS, which was 4.4
x 10 '5cm2/s. The computation o f the effective diffusivity from the air-filled porosity and the
total porosity was performed from Equation 2.9. The air filled porosity in both the cases was
calculated from the measurements o f the initial mass o f sediment added Ms, volume o f the
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sediment cavity, Vs, moisture content ofthe sediment, me, the sediment particle density, p,^
and water density, pWMcr using the following relationship.

e = v s~Ms ( ] - mc> Pscd ~ Ms me Pwalcr

^

Vs
The calculated air filled porosity and the total porosities are shown in Table 2.1 and the
corresponding calculated effective diffusivity values (cm2/s) are shown in Table 2.2.
Table 2.2. Effective diflusivity__________ __________________ __________________
Sediment Moisture

Dibenzofuran

Phenanthrene

Pyrene

6.5 %

0.020

0.029

0.027

26%

4.4 x 10 *5

4.4 x 10's

4 x 10 5

For PHE, Figure 2.7(b) shows the flux is large in the beginning (51 ng/cm2/hr) for
the 6.5% moisture sediment and gradually decreased to 20 ng/cm2/hr in 293 hours. For the
26 % moisture case, the initial flux was 11.4 ng/cm2/hr which sharply decreased to 0.9
ng/cm2/hr in 122 hours. In both the cases, the model assuming an infinite k, showed better
agreement with the experimental data. Due to its relatively low Rf, the flux is largely
sediment side controlled except at short times.
Figure 2.7(c) shows the flux o f PYR from both sediments. For the 6.5% moisture
sediment, the initial flux was 2.95 ng/cm2/hr and thereafter remained constant at —2.8
ng/cm2/hr. The model assuming ka-°° vastly over-predicted the experimental flux, whereas
the prediction with a k, o f 0.076 cm/s (obtained from the boundary layer theory) was in
good agreement with the experimental data. This is in harmony with the earlier comments
regarding the overall resistance. Compounds with a large KSA( or large R f) will have small
sediment resistance and the air-side resistance will become significant. The air phase
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resistance is therefore quite significant in controlling the flux o f PYR. The conclusions are
the same for the 26 % moisture sediment. Even though the air-side resistance is greater than
the sediment side resistance, the latter contributes somewhat so that as in the case for DBF,
pores occupied with water causes a lower flux.
2.5.2

Effect of Air Relative Humidity
Figures 2.8(a)-(c) show the effect o f changing the air relative humidity on

the flux ofDBF, PHE and PYR from the laboratory spiked ULS (6.5 % moisture sediment).
Initially the sediment was “wet” with saturated water vapor concentration in pore air. Humid
water saturated air (relative humidity 99.9%) was passed over the sediment. Since there was
no concentration gradient o f water vapor within sediment bulk and above the sediment
surface, there was no significant transfer o f water vapor to or from the sediment. The
relative humidity o f the inlet and outlet air was close to 99.9 %. The flux in this case showed
a classic diffusive profile with a relatively large initial value. After 650 hours, the humid inlet
air was replaced by dry air (0% relative humidity). Now there is a large driving force for
water vapor concentration in the sediment bulk and the air passing over the sediment and
consequently a significant transfer of water vapor (Figure 2.8(d)). The flux values ofDBF,
PHE and PYR declined and reached steady state within a short time. After 840 hours after
the start of the experiment (and about 200 hours after the dry inlet air was introduced), the
dry inlet air was switched back to humid inlet air. The flux o f all the three compounds
increase to levels extrapolated from the first 650 hours o f humid air run. Clearly the flux was
large when the air relative humidity was high. During the run with dry inlet air, water
constant and sorption. These observations were similar to the results obtained with the thin
sediment layer (0.5 cm) experiments conducted earlier (Valsaraj et al., 1997). These
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Figure 2.8 Effect o f air relative humidity on HOC flux from laboratory
inoculated sediments
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observations are similar to those reported for the volatilization o f pesticides from
agricultural soils (Valsaraj and Thibodeaux, 1988; Taylor and Spencer, 1990). As the P AHs
diffused out o f the sediment, they were adsorbed to the dry surface sediment layer.
Therefore, at the end of the dry run, the fluxes were lower compared to those from the
humid. The re-introduction o f humid inlet air causes the adsorption o f water molecules on
the dry solids near the surface and displacing the adsorbed PAHs, thus increasing the PAH
concentration in the pore air. As the pore air water vapor concentration becomes uniform
in the layers affected, the new equilibrium (similar to the end o f the first humid run) is
established and the flux go back up. Cyclic air changes in air relative humidity and sediment
moisture are very likely as it undergoes diurnal patterns o f wet and dry periods. On the basis
of our observations in the laboratory, one should anticipate that the air concentrations near
a CDF will be large during a humid atmospheric conditions following a dry period.
Figures 2.8(a)-(c) also show the model predictions. In the first simulation it was
assumed that the sediment moisture remained at or above those o f the “wet” sediment
throughout the run and hence the retardation factors remained constant during the run. Also
shown is another simulation curve passing through the dry run flux data. This prediction
assumes that the sediment was “dry” from the beginning and uses corresponding values of
Rf and CA° (based on the “dry” KSA reported in Table 2.1). These simulations show the
relative emissions to be expected from a dry or wet sediment. The steady state flux upon
changing to dry air was in line with the predictions for the dry sediment model, indicating
that our assumptions of surface drying and enhanced sorption are substantially correct.
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Figure 2.9. Final sediment profiles (6.5% moisture ULS)
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2.5.3

Sediment Sectioning Data

Figures 2.9 (a)-(b) show the sediment concentration profile after 35 days o f the
experiment with the 6.5% moisture ULS sediment. Significant depletion ofD B F was
observed in the top 30 mm and that o f PHE was noted in the top 10 mm layers of the
sediment. The deeper layers had loadings similar to the initial loading. The final sediment
concentrations were predicted from

Ws(z) =

C A(z) Rf
-f

(2.24)

Pb

where CA(z) was obtained using Equation2.22 for DBF and Equation 2.6 for PHE, with t
= 35 days. There is good agreement between the model and the observed values. That the
predictions o f both fluxes and the final sediment concentrations are a priori and contain no
adjustable parameters, indicating the appropriateness of the assumptions inherent in it. The
sediment sectioning also enables the verification o f the mass balance from the experiment.
The mass of PAHs collected from the flux measurements and the mass recovered after the
sectioning were compared to the initial loadings and the mass balances obtained were 93 %
for DBF and 96 % for PHE.
2.6

Conclusions
The results presented in this section provide experimental evidence towards the

demonstration o f the effect of changes in air-filled porosity and surface air relative humidity
on the emission fluxes ofDBF, PHE and PYR. The discussion o f model prediction ofthe
experimental results presented illustrate that, with the a priori and a reasonable accurate
knowledge o f the transport and thermodynamics parameters o f the sediment/dredged
material system in a CDF, surface flux can predicted. The effect o f air relative humidity on
the flux showed trends that reinforces the earlier observations o f surface drying and
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consequent increase in sorption. The study described in this chapter have been also been
published (Valsaraj et al., 1999).
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Chapter 3
Air Emissions of Polynuclear Aromatic Hydrocarbons
from Aged Field Sediments
In Chapter 2, the PAH emissions from laboratory inoculated sediments were
measured in flux chambers. These clean sediments were in contact with the tracer
compounds (P AHs) for relatively short times under the test conditions. However, sediments
from real contaminated sites, such as those at Indiana Harbor, Grand Calumet River or New
York Harbor, differ from the fresh laboratory spiked sediments in two primary aspects.
First, since most o f the contamination occurred a few decades earlier, the sediment has been
in contact with the contaminants for a very long time. This “aging” o f the contaminantsediment system might lead to changes in the adsorption-desorption characteristics of the
sediment. Second, they contain compounds, both organic and inorganic, belonging to a
number o f classes including P AHs and PCBs (Polychlorinated biphenyls), heavy metals and
various non-aqueous fractions o f petroleum derived hydrocarbons. The mixture of these
petroleum derived compounds constitute what is commonly known as the oil and grease in
sediments. Oil and grease components range from long chain aliphatic to aromatic
compounds and can therefore potentially influence the availability o f the contaminant to the
adjacent media. The non aqueous compounds are mostly non-wetting and by this virtue tend
to form globular units in the presence o f free water in the porous media, thus potentially
obstructing physical transport in the pores. This chapter presents experimental flux
measurements from three aged field sediments and compares these to those obtained from
a freshly inoculated laboratory sediment (University Lake Sediment described in chapter 2).
Sediment reworking, or the mechanism to expose lower sediment layers to the atmosphere,
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is an important occurrence at field CDF sites during the successive filling operations. Hence,
their effect on PAH emissions was also studied and the observations are presented.
3.1

Experimental
The flux experiments were conducted in the laboratory flux chamber described in

chapter 2. The experimental runs were performed with dry and humid inlet air. Analytical
procedures pertaining to the measurement o f PAH mass of XAD-2 and the sediment were
described in chapter 2. Oil and grease content in sediment was performed by Soxhlet
extraction (US EP A Method 9071).
3.1.1

Contaminants and Sediments

Field sediments used in this study were obtained from three field contaminated sites Grand Calumet River (GCR), Indiana Harbor Canal (IHC) and New York Harbor (NYH).
Grand Calumet river is situated in northwest Indiana and drains into Lake Michigan. Its
location near one o f the largest concentration o f industries in the world has resulted in
industrial and municipal discharge for many years. Indiana harbor canal lies at the southern
of Lake Michigan and is a federal navigation channel connecting the Grand calumet river to
Lake Michigan. In 1987, the International Joint Commission identified the area
encompassing the Grand Calumet river and the Indiana harbor canal among the 42 areas of
concern around the Great Lakes region. The navigational channel contains an estimated one
million cubic yards of highly toxic sediment that limits deep-draft shipping and pollutes Lake
Michigan. Reductions in barge loads increase transportation costs for industry. Ships and
storms stir up sediments, resuspending and dispersing them into the lake where they are
unrecoverable and potentially threaten the drinking water supply for millions o f people.
Resuspension can disassociate some contaminants, increasing their bioavailability in the
51
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water column and risk to aquatic organisms, fish and other wildlife and, farther up the food
chain, humans. Public concern about the environmental pollution resulting from the
transport o f contaminants in the sediments has propelled the action leading to the decision
o f dredging the contaminated sediments in the waterways by the US ACE.
The US ACE proposes to build a 131-acre confined disposal facility (CDF) to hold
the 4.67 million cubic yards o f toxic sediments that may be dredged under the plan. The
dredged material contained a number o f contaminants including P AHs, PCBs, and petroleum
hydrocarbons. The CDF would be located a half mile from a high school and residential
area. The Corps' has the responsibility o f providing an environmental impact statement
showing the health risks that the citing o f this CDF might pose to the residents. The overall
objectives o f this document and the specific results presented in this chapter contribute
towards this environmental impact statement and therefore utilize the dredged material from
GCR and IHC dredge sites for the experimental studies. The New York harbor is situated
at the estuaries at the confluence ofthe several inland water channels around New York City
and the Atlantic Ocean. Since the region is heavily industrialized, the sediments are toxic.
The US ACE dredges these sediments for purposes o f navigation and relocates the dredges
in CDFs or similar structures. As in the case of the Grand calumet region, there is public
concern and interest in the risk of toxic exposure by placing these dredged materials in
CDFs.
The relevant properties of the sediment are listed in Table 3.1. The contaminant
properties were listed in Table 2.1. The sediment samples obtained from the three field sites
contained several compounds including PAHs, PCBs, hydrogen sulfide, ammonia and
mercaptans. However, only three PAHs - naphthalene (NAPH), phenanthrene (PHE) and
52
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Table 3.1 Properties of sediments (aged field)
ra c

NYH

GCR

54

53

62

fraction organic carbon, foe

0.026

0.027

0.054

fraction oil and grease, fog

0.01

0.0003

0.014

Bulk density, pb (g/cm3)

0.6

0.66

0.51

sand (%)

45

57

75

silt (%)

46

37

17.5

clay(%)

8

5

7.5

total porosity, Cj (cmVcm3)

0.78

0.7

0.83

air-filled porosity, eA(cm3/cm3)

0.021

0.07

0.025

7.54

6.9

Property
moisture content, (%g/g)

pH
naphthalene loading (mg/kg)

38

0.2

586

phenanthrene loading (mg/kg)

51

0.9

432

pyrene loading (mg/kg)

59

1.9

172

54,000
287
TRPH (mg/kg)
12,790
TRPH - Total Recoverable Petroleum Hydrocarbons, GCR - Grand Calumet River
IHC - Indiana Harbor Canal, NYH - New York Harbor
pyrene (PYR), were targeted for flux measurements reported in this chapter. The IHC and
NYH sediments were collected using a vibracore sampler, while the GCR sediments was
obtained using a manual piston tube sampler. The GCR and IHC sediments were transported
in 5-gallon buckets in iced coolers to the Waterways Experiment Station (WES), Vicksburg,
and immediately blended in barrels. The sediment was divided again into 5-gallon buckets
and stored at 4°C. NYH sediment was transported in 55 gallon drums which were brought
to WES in a refrigerated truck. They were immediately blended in a lysimeter, divided into
5-gallon buckets and stored at 4°C. Before loading the microcosms (or the flux chambers),
the buckets were once again thoroughly mixed. No biocide was added to the field sediment
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nor was the sediment moisture content adjusted as was done for the laboratory inoculated
sediments described in chapter 2.
3.2

Results and Discussion
3.2.1

Differences Between Laboratory-Inoculated and Aged Field Sediments

Most field sediments can be described as aged sediments, by virtue o f their long
contact times with the contaminants. Adsorption o f the contaminants occurred over a long
period and the sediment bed is subject to physical changes and chemical changes over time.
Kan et al. hypothesize the existence o f an adsorption/desorption hysterisis resulting in a
“refractory” or “desorption resistant” o f the contaminant in contact with the sediment.
However, there is no well-defined quantitative criterion for the “age” o f a contaminant in
a sediment for a desorption resistant fraction to develop. Studies are in progress to develop
empirical knowledge o f the process o f aging and the magnitudes o f the desorption resistant
fractions obtained.
The other significant difference between laboratory inoculated and field sediment
solids was the presence of substantial amounts o f oil and grease in the field samples. Two
o f the field sediments used in this study (IHC and GCR) contained oil and grease fractions
( f ^ of o f 0.01 and 0.014, respectively. The NYH field sediment had insignificant oil and
grease (f^ o f 0.0003) and the laboratory spiked University lake sediment (ULS) described
in the previous chapter, had no oil and grease. The presence o f oil and grease in the
sediments displayed a perceptible effect on the fluxes from the sediments which is more
easily perceived if the measured fluxes were converted to overall mass transfer resistance,
as shown below,
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(3.1)

overall
overall

where

is the overall mass transfer coefficient, NA is the measured contaminant flux

and AC a is the concentration driving force or the difference in the concentration o f the
contaminant in the bulk sediment vapor phase and the bulk air flowing over the sediment.
Since the inlet air into the flux chamber is clean, the driving force is simply the
equilibrium vapor phase concentration calculated based on the initial contaminant loading
o f the sediment as shown below
(3.2)
The above analysis is approximate according to the discussion in chapter 2. The assumption
o f constant sediment vapor phase concentration in the computation o f the overall resistance
can be justified since the depletion o f the sediment occurs only in the top 10 % o f the depth.
This assumption allows for the qualitative comparison between the fluxes from various
sediments and provides an insight to the possible mechanisms to explain the experimental
data. Figure 3.1(a) and (b) compare the overall mass transfer resistances for naphthalene
(NAPH) and pyrene (PYR) from the four sediments (IHC, NYH, GCR and ULS -26%
moisture). Since the different sediments used in these experiments have different
contaminant loadings, the displayed mass transfer resistances were computed with
normalized loadings to a common loading in order to facilitate comparison. Although flux
measurements were performed for three PAHs (NAPH, PHE and PYR) from the three field
sediments, only NAPH and PYR data are shown to avoid cluttering o f the data. Figure
3 .1(a) is the comparison o f the mass transfer resistances for the contaminants in ULS and
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(a) Sediments without oil and grease

(b) Sediments with oil and grease
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NYH sediments, both o f which had little or no oil and grease associated with them. In
Figure 3.1(a) NAPH had the highest flux, PYR had the smallest and PHE was the
intermediate between the two. Consequently NAPH had the relatively lower resistance and
PYR had the highest resistance. The resistances o f both the compounds shown in Figure
3(a) increased with time and in a linear manner.
In Figure 3.1(b) plots the mass transfer resistances o f NAPH and PYR for the
remaining two sediments (GCR and IHC) which contained significant fractions o f oil and
grease. In Figure 3 .1(b), the resistances o f both NAPH and PYR increased at a certain rate
for about 30 hours and then the resistances increased sharply for the remaining portion of
the experimental run. This increase, seen in Figure 3(b) was almost two orders o f magnitude
for naphthalene and an order o f magnitude for pyrene.
In Figure 3 .1(a), the model predicted resistances are shown by dotted lines for both
the contaminants. The prediction is based on the approximate chemodynamic model
described by eq. 3.3

N A(t) =

(c £ -c ;>
(3.3)

1/ka was the air-side resistance and the term (n t / DeffRf),/2 was the sediment side resistance.
This model assumed that at short times, the flux is controlled by the air-side resistance and
at longer times by the sediment side diffusion and retardation. This model adequately
explained the flux data from the laboratory spiked university lake sediment in chapter 2. In
Figure 3.1 (a), this model agrees satisfactorily with the experimental resistances obtained.
At longer times, the resistance follows as t ,/2 relationship.
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In Figure 3.1(b), the resistances-in-series model (eq. 2.18) was applied and the
experimental data did not agree with this prediction beyond the first 30 hours. The sharp
increase in the resistance is not explained by the model described by eq. 2.18. The
experimental data shown in Figure 3 .1(b) corresponds to the fluxes from oily sediments. Up
until that time the behavior followed the theory displaying small sediment resistance values
(slope of 0.5). However, beyond this time the resistance for both compounds increased
beyond the expectation o f the model. The same occurred for PHE, but is not shown here.
The magnitude o f the overall resistance for NAPH was larger than either PHE or PYR for
both sediments. It is evident that the behavior o f the oil and grease containing sediments
as contrasted to those that do not contain any oil and grease is clearly different. The increase
in resistance at long times is indicative o f additional mass transfer resistance.
The mechanism by which the oil and grease contributes to added resistance to
transport o f contaminants in the sediments was not very clear from the above results. The
oil and grease mixture is mainly organic in composition and has low miscibility with water.
These physical and chemical properties o f the oil-grease phase lead to two hypotheses on
their influence on contaminant availability and transport.
•

The oil and grease phase is an organic mixture o f aliphatic and aromatic compounds
and therefore can offer sorption sites for the hydrophobic organic compounds. At
equilibrium the contaminant is distributed among the sediment, pore water, pore air
and the oil and grease phases as illustrated by Figure 3 .2(a). The presence o f an
additional sorptive oil and grease phase decreases the availability o f the contaminant
in the pore air or pore water for transport or for biodegradation due to an increase
in the retardation factor.
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•

In the presence o f water, the non-wetting oily phase will tend to either adsorb on the
organic matter available on the sediment or form globules o f oil in the pore water
with limited interfacial area. In either cases, there is a physical resistance to transport
as illustrated by Figure 3.2(b). If the oily mass blocks the pores contaminant
diffusion must occur through the oily phase, thus diminishing the overall transport.
In aged field sediments, since the water content is high, this effect might be very
significant along with the sorption. As the exposed sediment dredged material lose
moisture, the oil and grease phase relocates and poses fewer obstructions to
transport as the pore water evaporates.
3.2.2

EfTect of Sediment Reworking

The experiment with field contaminated sediments was designed to provide
information on maximum contaminant fluxes expected under site management conditions
which might occur in a CDF. To simulate this, the sediment was subject to reworking within
the chamber. After passing dry air over the wet sediment (cycle 1), the sediment was
rewetted to field capacity and reworked in a glovebag (Price, 1997). Thereupon dry air was
again passed over the wet sediment (cycle 2). It was observed that during cycle 2, the flux
ofPAHs increased to levels similar to that during cycle 1 and decayed similarly. For example
Figure 3.3(a),(b) shows the comparison o f fluxes for NAPH from GCR and IHC
respectively during the two cycles. The fluxes were o f similar magnitude in both cycles. We
also observed that for the contaminated bed sediment dredged material from field sites, as
long as they remained “wet”, neither variations in air relative humidity nor the rewetting to
original field capacity resulted in significant changes in flux. Only the physical disturbance
o f the sediment through reworking brought about large increases in flux. In a CDF, during
60
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the filling stage which lasts from several months to years, reworking is an inevitable
operation. Hence an increase in the air pollution during initial exposures and after periodic
reworking activities which expose underlying material.
3.3

Conclusions
The experimental flux measurements from aged field sediments from two sources

(GCR and IHC) displayed a sharp decrease in the flux after about 30 hours, suggesting an
increase in the mass transfer resistance for contaminant transport. This sharp increase of
resistance was not observed with experimental data from non-oily sediments (ULS and
NYH) indicating that there is an additional resistance from the oily phase. The resistances
corresponding to the measured contaminant fluxes from non oily sediments agreed
satisfactorily with the two-resistance model, while those from the oily sediments deviated
from the same model after 30 hours. Reworking o f sediments resulted in an increase in flux
to almost initial high levels.
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Chapter 4
Effect of Oil and Grease on
Polynuclear Aromatic Hydrocarbon Fluxes
In the previous chapter, experimental observations led to the conclusion that the
presence o f oil and grease (OG) in contaminated field sediments increases the sediment side
resistance for contaminant release and thus results in lower emissions. Two possible
mechanisms for this effect were considered as probable. First, a purely sorptive effect
increasing the retardation and consequently reducing the availability o f the compound in the
pores and second, a diffusional barrier or resistance caused by the physical blocking of the
transport path by the oil and grease.
The OG is derived mainly from petroleum hydrocarbon residues, but is poorly
characterized in most cases. The presence of residual petroleum hydrocarbons in sediments
and soils have been shown to affect the soil-water and sediment-water partition constants
of hydrophobic organic compounds (Boyd and Sun, 1990; Sun and Boyd, 1991). It has
been suggested that the sediment/water partition constant, Ksw for a compound depends on
both f ^ and foiL , which are respectively the fraction organic carbon (OC) on sediment and
fraction of OG in the sediment. Partitioning to the OC is characterized by a organic
carbon-water partition constant,

. The partitioning o f a compound between oil and

water is represented by KqW.
Kow = C — —

(4.1)

A - w » le r

The oily phase has been shown to be -10 times more sorptive than natural organic matter
towards polychlorinated biphenyls (PCBs) (Price et al„ 1999). Reduced bioavailability of
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PCBs as a result o f residual petroleum hydrocarbons in soils and sediments has also been
reported (Luthy et al., 1997; Zwiemik et al., 1999).
The source cited above corroborates the results from chapter 3 that the fate and
transport characteristics of HOCs in sediments are likely to be influenced by the presence
o f oil and grease. The goal o f this study was to understand the most probable nature o f the
effect o f OG on the volatilization o f HOCs from exposed dredged material. Laboratory flux
experiments were conducted with freshly dredged clean sediment (ULS), inoculated with
the contaminants and motor oil, serving as an oil and grease substitute. Two sets of
experiments were conducted with the above sediment, with moisture contents o f 6.5% and
55% and with oil and grease contents o f 2.3% and 5% respectively. The moisture content
o f 6.5% was chosen to facilitate comparison with results from an earlier experiment with
ULS sediment without oil and grease, (results described in chapter 2), that was chosen as
a control. The low moisture(6.5%) content sediment experiment was performed to gather
information about the adsorptive or retarding capacity o f the oil and grease content. The
high moisture (55%) sediment experiments were conducted to investigate the nature o f the
effect o f oil and grease in the presence o f free water in the pores. A control sediment with
55% moisture and no oil and grease was run simultaneously with the oil-inoculated
sediment. Post experimental sectioning was performed to verify the mass balance o f the
contaminant and the mobility of the oil and grease in the sediment. Mathematical models
were tested with the data obtained from the experiments.
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4.1

Experimental
4.1.1

Contaminants and Sediments

The flux experiments were conducted using sediment from University Lake, Baton
Rouge, LA. At the time o f collection, this sediment was uncontaminated and contained no
residual oil or grease. The sediment was inoculated with the contaminants o f interest and
motor oil as the representative oil

phase.

The relevant sediment properties for the

experiment are listed in Table 4 .1 .
Table 4.1. Properties of sediment (University Lake)
Low moisture
sediment

High moisture
sediment

6.5

55

0.026

0.04

0-0.023

0-0.05

bulk density, pb(g/cm3)

0.77

0.72

total porosity,

0.72

0.71

air-filled porosity, eA
(cm3/cm3)

0.67

0.04

water-filled porosity, ew
(cm3/cm3)

0.05

0.67

dibenzofuran (mg/kg)

38 ± 3

63 ± 4

phenanthrene (mg/kg)

58 ± 2

96 ± 8

pyrene (mg/kg)

129 ± 3

136± 12

Sediment Property
moisture content, (%g/g)
fraction organic carbon, f ^
fraction oil, f^

(cm3/cm3)

The contaminants used as tracers were the same used in the studies described in the
chapters 2 and 3 - phenanthrene (PHE), pyrene(PYR) and dibenzofuran (DBF). M otor oil
(Superflo-30, Exxon) was chosen as the representative oil and grease additive in the
sediment.

Since it was composed mainly o f paraffins and naphthenes, we believed that it
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Table 4.2. Physico-chemical properties of contaminants and motor oil
Density, g/cm3 at 298 K

0.9

Viscosity, cSt at 373 K

10.7

Boiling point, K

564

Average molecular weight

-5 0 0

Solubility in water, wt% at 1 atm

« 0 .1
>90

% heavy paraffinic components

<10

% proprietary additives
b)Contaminants*

Diffusivity in water, Dw
sediment-water partition constant,
log Koc (L/Kg)
*Other properties are listed in Table 2.1

DBF

PHE

PYR

6.0 x 10"6

5.8 x lO"6

5.5 x 10-6

4.0

4.4

4.8

may be a good surrogate to the poorly characterized oil and grease found in most
contaminated sediments.

Chen and co-workers (1994), who studied the distribution of

several PAHs into motor oil, stated that approximately 7 million gallons of motor oil make
their way into Florida's waterways every year.
The University lake sediment was obtained and processed as described previously
in section 2.3.3.The sediment was inoculated in the laboratory with PHE, PYR and DBF
using a tumbling procedure. Addition o f motor oil to the sediment was performed either
during the inoculation o f the contaminants or after the contaminants were equilibrated with
the sediment for three weeks. The properties o f the oil relevant to this study are given in
Table 4.2(a). The relevant properties o f the contaminants are given in Table 2.1(b) and
4.2(b).

In the case where the motor oil was added after contaminant inoculation, the

contaminated sediment and oil were homogenized in a tumbler for at least three more
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weeks. The sediment had high moisture (-55% ) during the inoculation o f both the oil and
the contaminants. The oil was introduced directly into the sediment in all the experiments,
except for one, where the oil was in a hexane solution. The sediment was initially saturated
with water during the inoculation process. All adjustments to moisture for the preparation
o f the unsaturated sediment (6.5% moisture content) were performed after the inoculation
process was complete. The procedure for the preparation o f the unsaturated sediment was
the same as described in 2.3.3. This sediment had a high air-filled porosity and as in the
previous case described in chapter 2, the primary pathway for contaminant transport was
the pore vapor. The 55 % moisture sediment (saturated) was used in the flux experiment
after the inoculation procedure without any adjustments to moisture.
4.1.2

Measurement of Oil-Water Partitioning

Batch experiments were performed to measure the equilibrium partitioning o f the
contaminants of interest between motor oil and water. A stock solution o f dibenzofuran,
phenanthrene and pyrene was made in hexane. The solution was filtered and analyzed for
its concentration. 0.5 mL o f the stock solution was added to 4 grams of motor oil and
allowed to mix thoroughly. To this oil layer, about 100 g o f de-ionized water was added.
Triplicate samples were placed in a shaker for 96 hours to equilibrate. 0.5 g o f NaCl was
added to each jar and was refrigerated to allow phase separation. About 10 mL o f the water
layer was drawn out using a syringe and filtered through a 0.7 pm glass fiber filter (GF/F,
Whatman). The filtrate was analyzed for the contaminant concentration directly using HPLC
with a fluorescence detector.
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4.1.3

Analytical Methods

The Orbo 43 traps were desorbed and analyzed according to the NIOSH method
SS06 for PAHs. The oil in the sediment was measured by Soxhlet extraction using the
EPA-SW 846 method 9071. Analysis o f contaminants in sediments was performed by
sonication extraction according to the EPA-SW 846 method 8310 . Contaminants in oily
sediments were measured after clean up through a silica gel column according to EPA-SW
846 method 3630. Moisture content was measured on the basis o f wet sediment. Fractional
organic carbon and oil and grease content were measured on a dry sediment weight basis.
4.1.4

Flux M easurem ent

Tracer PAH (DBF, PHE and PYR) fluxes were measured from the test sediments
in this study using the flux chamber described in chapter 2. A portion o f the flux chamber
sediment cavity was used for the sediment, offering a exposed sediment surface area o f 115
cm2. Compressed air at atmospheric pressure and a desired flow rate (1.7 L/min) was passed
over the sediment in the flux chamber. The relative humidity o f the inlet air was maintained
at 99.9 % water saturation,, except for a brief period when bone dry air was passed over
the sediment in the experiment with 6.5 moisture sediment. The experimental set up was the
same as described in Figure 2.3. At the end o f each experiment, the sediment was sectioned
into thin layers and analyzed for the contaminant and oil concentration.
4.2

Results and Discussion
4.2.1

M echanism of T ransport in Saturated Versus U nsaturated Sediment

The mechanism o f transport from sediment to air depends to a large extent on the
amount o f water in the sediment. The water content determines the available pore air space,
which in turn determines the effective diffusivity o f the contaminant in the air-filled pore
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space. Water will also affect the movement o f other mobile phases such as oil in a sediment.
A sediment with a low moisture content (6.5%) such as the one used in this experiment will
have - 100% pore air relative humidity. Such a sediment will have water just enough to
form o f a film on the particle surface, as we have shown in previous work (deSeze et al.,
2000). The oil will exist as a film that is held in the pore space by capillary forces. Because
o f preferred partitioning, the sedimentary organic carbon and the oil are the major locations
where the contaminant may reside. Desorption o f a contaminant from both organic carbon
and oil to pore air is followed by the diffusive mass transfer through air-filled pores to the
air stream (Figure 4.1(a)). When the sediment is high in water content (55% moisture
content sediment used in this work and referred to as "saturated") such that the pore is
water-filled, the contaminant will have to diffuse through the pore water before it emerges
into the pore air to complete its path (Figure 4 .1(b)). If there is water flow over the top o f
the sediment surface, buoyancy forces mobilize the lighter oil upwards to the surface. This
observed in our laboratory (Luong, 1996; Deng, 1997). The oil, being non-volatile, will
occupy the pore spaces in the upper sediment layers and provide additional resistance to
contaminant diffusion. The associated contaminant movement will thus be influenced by the
oil movement and rearrangement within the sediment pores.
We hypothesize that for a sediment with only a small amount o f pore water, oil
mobility will not play a role in the transport of the contaminant; the only contribution in this
case will be an additional compartment to which the contaminant will partition. In order to
model the diffusive flux from sediment to air in the presence o f oil, we assume local
equilibrium to exist for the contaminant between the four phases, viz., pore-air, pore-water,
sedimentary organic carbon and sedimentary oil and grease. A mass balance would give the
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following for the total concentration per unit volume o f the soil

tt

+

H c

* pP o il

H c

where pb is the sediment bulk density and
retardation factor'

CA =

rf ca

(4.2)

J

is the density of the oil. Rf is called the
is the contribution o f the oil phase to the

The term
P o i,H C

retardation in the vapor phase. pbKSA is the contribution from the organic phase on the
sediment to the retardation o f the contaminant. The diffusion equation that represents the
transport from the sediment is given by equation 2.2 solutions to which were presented in
chapter 2 under different boundary conditions. Equations. 2.6 and 2.7 show the analytical
solutions for the concentration (as a function o f time and depth) and the surface flux
respectively, for the boundary conditions represented by equations. 2.3 - 2.5. These
aforementioned equations pertain to the case where there is a finite air-side resistance. If
surface (air-side) mass transfer resistance is negligible (i.e., ka-°°), equations. 2.20 and 2.22
present the analytical solutions for the pore vapor concentration and flux respectively. The
effective diffusivity Deff and the retardation factor Rf were also defined in sections 2.4.2
and 2.4.3. The values of the air-filled and total porosities for both the sediments used in this
study are listed in Table 4.1. For the unsaturated sediment, the air-filled porosity was
estimated as 0.6 in a total porosity o f 0.7 and this indicates that the continuum is clearly
vapor phase and lends credence to the vapor phase diffusion model.
4.2.2

Experimental Flux Measurements

Figures 4.2(a)-(c) are plots o f the experimental values of flux as a function o f time
from the start o f the experiment for the three compounds, DBF, PFIE and PYR. In
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Figure 4.2. Sediment to air flux o f DBF, PHE and PYR from University Lake
sediment containing 2.3% oil and 6.5% moisture content
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each case two sets o f data are presented, one for the control (no oil) and the other where
the oil content was 2.3%. The oily and non-oily sediment experiments were conducted with
two different batches o f contaminated sediment, and hence their initial concentrations were
slightly different. Therefore, for purposes o f comparison, the flux was normalized to a
common sediment contaminant concentration o f 80 kg/kg, 96 kg/kg and 156 mg/kg
respectively for DBF, PH E and PYR. For the case o f DBF, the first measured flux without
the oil was 373 ng/cm2/h r after 12 hours, while the corresponding flux in the presence o f
2.3% oil was only 125 ng/cm2/hr after 22 hours. The difference in the first measured fluxes
was even more apparent for PHE and PYR. For PHE the first measured flux after 12 hours
was 72 ng/cm2/hr from the non-oily sediment and 9.7 ng/cm2/hr after 22 hours for the case
o f the oily-sediment. The 12 h flux for PYR was 8.4 ng/cm2/hr without the oil, whereas the
first measured flux for the case with 2.3% oil was only 0.5 ng/cm2/hr after 22 hours.
It is clear that the initial fluxes in all the three cases were significantly lower in the
presence o f oil than the controls. The ratio o f the initial flux without oil to that with oil
varies from 3 for DBF to 17 for PYR. Note that from equation 2.8, the initial flux for a
compound is proportional to kjC*0. Since the initial pore air concentration, CA° = Ws°pb/
Rf, it is clear that for the same Ws° (initial contaminant loading, mg/kg) with increasing R^
as a result o f the oil phase, the initial pore air concentration as well as the initial flux for a
given compound should decrease. The long term steady state fluxes were also similarly
effected. For DBF the long-term steady state flux was 59 ng/cm2/hr for the non-oily
sediment, while that for the oily sediment was only 35 ng/cm2/h. The long term fluxes for
PHE were 20 and 6.4 ng/cm2/hr respectively for the non-oily and oily sediments. For PYR
the long term steady state flux was 6.1 ng/cm2/hr for the non-oily sediment whereas that
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from the oily sediment was only 0.6 ng/cm2/hr. The model predicted fluxes are also shown
in Figure 4.2. The difference between the two model predictions presented is the value o f
the retardation factor.
In the first case (control) without oil, the retardation factor assumed foil equal to
zero, whereas in the second case the value o f 0.023 was used. The partition constant, viz.,
Ksa is measured and given in Table 2.1. All other necessary parameters in the model are
measured values and are given in Tables 4.1 and 2.1. This model predicted a flux of 473
ng/cm2/hr after 10 hours, and 61 ng/cm2/hr after 600 hours for DBF for the non-oily case.
The model prediction o f DBF flux from the oily sediment was 207 ng/cm2/hr after 10 hours,
and 24 ng/cm2/hr after 600 hours. Flux value for PHE generated by the model for the
non-oily sediment was 168 ng/cm2/hr after 10 hours, and 22 ng/cm2/hr after 600 hours. The
predicted flux values for PHE were 13 ng/cm2/hr after 10 hours, and 8 ng/cm2/hr after 600
hours for the oily sediment. Flux value for PYR predicted by the model for the non oily
sediment was 9.6 ng/cm2/hr after 10 hours, and 6.8 ng/cm2/hr after 600 hours. The
predicted flux o f PYE for the oily sediment was 0.95 ng/cm2/hr after 10 hours, and 0.83
ng/cm2/hr after 600 hours. In each case the value o f Kow was adjusted to obtain a better
fit between experiment and model. The experimental and fit value o f log K ^ , for each
compound is given in Table 4.3. The agreement between the measured and predicted log
Table 4.3. Partition constants (K qW) o f the contam inants between
w ater and m otor oil
DBF

PHE

PYR

Oil-water partition constant, log KqW
-Experimental (dimensionless)

4.4 ±0.1

4.9 ± 0.1

5.8 ± 0 .2

Oil-water partition constant, log KoW
-Fitted (dimensionless)

4.3

5.1

5.9
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KqWfor each o f the compound was greater than 95%. For DBF the model used was the
no-resistance model (equation 2.18), while for both PHE and PYR the surface-resistance
model (equation 2.4) was used with a mass transfer coefficient ka o f 0.0008 m/s. This in
accordance with the observations from chapter 2, where we showed that both PYR and
PHE have significant air-side resistances, whereas DBF was entirely sediment-side
controlled in mass transfer. The model predictions for each o f the cases were satisfactory.
The model predictions indicated that the flux from the oily sediment was 3 times lower than
from the non-oily sediment for DBF. This difference was similar to that observed in the
experimental values. Similar observations were true of both PYR and PHE predicted fluxes
as well. The only difference between the models for the oily and non-oily sediments was the
retardation factor. The hypothesis tested was that the increased uptake by the oily phase
could decrease the mass transport rate o f contaminants from the sediment to air. The
agreement between the model and experimental data in each case indicate that the
hypothesis was substantially correct and that the decrease in flux was caused primarily by
the increased retardation due to sorption in the oil phase.
4.2.3

Post-Experiment Sectioning of Sediment

The sediment was cored into thin slices at the end o f the experiment in both cases
(oily and non-oily sediments) and the concentration of the contaminants and the oil in each
core was determined.

Five 2 mm sections were made in the top 1 cm o f the sediment,

followed by two 5 mm sections and the rest 1 cm or larger sections. Figures 4.3(a) and
4.3(b) show the comparison o f contaminant concentration profiles o f dibenzofuran and
phenanthrene in the oily and non-oily sediments used in the experiments. For purposes o f
comparison, dibenzofuran and phenanthrene loadings obtained in both the cases were
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100

normalized to 80 and 96 mg/kg respectively. Figure 4.3a shows the dibenzofuran loading
as a function o f depth from the surface. The open vertical bars represent the loading profile
o f oily sediment and the shaded bars represent that o f the non-oily sediment. In the non oily
sediment, the first two 2 mm was totally depleted. In the oily sediment, there was only a
partial depletion o f dibenzofuran which was clearly smaller than the non-oily case. The
overall mass o f dibenzofuran lost from the non-oily sediment was higher than that from the
oily sediment. Figure 4.3(b) shows a similar comparison for phenanthrene concentration. In
both sediments, the loss occurred only from the top 1 cm. The final residual phenanthrene
concentration for the non oily sediment was less than that from the oily sediment, which
corroborated the observations from the flux measurements. Table 4.4 gives the mass balance
for DBF and PHE in each case. The percent mass balance ranges from 86 to 96%, affirming
the validity o f both the flux and core data.
Figures 4.3(a) and 4.3(b) also show the model predictions (solid and broken lines)
for the contaminant loading profiles. Equation2.8 was used to obtain the profile for
dibenzofuran and equation2.6 was used for the phenanthrene profile. These simulations were
performed using the same parameters used for the flux prediction in Figure 4.2. The
simulations showed good agreement with the model. Once again the hypothesis presented,
viz., the increased retardation due to the sorption by the oily phase is substantiated.
A post experiment analysis of the oil content o f a few layers in the oily sediment
revealed no significant loss or relocation o f the oil content (Figure 4.3(c)). There was little
scope for oil mobility, since there was no buoyancy effect that could cause the oil to move.
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Figure 4.4. Sediment to air flux o f DBF and PHE from
University Lake sediment containing 5% oil and 55% moisture content
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4.2.4

Flux Measurements and Sectioning Data for 55% Moisture Sediment

Figures 4.4(a) and 4.4(b) show respectively the flux ofDBF and PHE from the 55%
moisture sediment. Figures 4.5(a), 4.5(b) and 4.5(c) show respectively the post experiment
sediment sectioning data for DBF, PHE and PYR and the oil. As in the low moisture
content experiment, the flux and the sectioning comparison were performed with normalized
loading for DBF and PHE. Figure 4a shows the comparison ofDBF flux from oily and non
oily sediments. DBF flux from the oily sediment was 39 ng/cm2/hr after 7 hours, 7 ng/cm2/hr
after 60 hours and was constant for the next 80 hours. In the period till 140 hours, the
sediment consolidated and since there was no evaporation o f water, the ejected porewater
collected on top o f the sediment in a water film 6-7 mm thick.
The constant flux during this time was a measure o f evaporation ofD B F from this
overlying water surface. This accumulation o f water at the surface was also observed in the
concurrent experiment with the non oily sediment. At this point (after 140 hours), the
experiment was interrupted and the overlying water layer was removed by a pipette carefully
from both the chambers. The experiment was restarted after this and the DBF flux increased
to 15 ng/cm2/hr from the oily sediment, gradually reducing to 8.6 ng/cm2/hr after 530 hours
and 5.6 ng/cm2/hr after 1400 hours. For the non oily sediment, the DBF flux increased to
47 ng/cm2/hr after 7 hours from the start, and 17 ng/cm2/hr after 140 hours. After the water
removal, the flux increased to 24 ng/cm2/hr and then gradually decreased to 11 ng/cm2/hr
after 1400 hours. As shown in Figure 4.4(b), a similar behavior was also noted for PHE.
There was a consistent difference between the flux from the oily and non-oily
sediments which clearly indicated that the presence of oil reduced the flux. Figures 4.4(a)
and 4.4(b) also show the model prediction o f the flux. The model assumed diffusion in the
79

permission of the copyright owner. Further reproduction prohibited without permission.

w ater phase retardation from the water phase since water was the dominant medium in the
pores and it remained so throughout the experiment (there was no loss o f water by
evaporation). Equations 2.6,2.7, 2.20 and 2.21 were used to obtain the flux and
concentration prediction. They were rewritten for pore water transport
d C Aw _ P«ff.w d C Aw
dt
R fW
dz2

MS')

The retardation factor was computed with respect to the water concentration, assuming
negligible air-filled porosity.

R -f.w = e w ■*

fo il^ O W

+ P b fo c ^ O C

(4 -4 )

P o il

The effective diffiisivity was computed using the Millington Quirk's expression (1961)
(shown in equation 2.9), but with the w ater filled porosity in place o f the air filled porosity
and D aw is the diffiisivity o f the compound in water.
10/3

Deir.w = D aw

(4.5)

eT

Consequently the concentration terms in equations. 2.4-2.6

were the pore water

concentrations as shown

a .w

_ Ws -p b
=—
*^f.w
-

r'O

(4.6)

C V w is the initial pore water concentration. The air-side mass transfer coefficient, ka, in
equation 2.6

and 2.7 was corrected with a factor Hc , the Henry's constant.

Rapid

equilibrium was assumed at the air-water interface at the surface o f the sediment. If the air
side resistance was negligible at the surface of the sediment, equations. 4.7 and 4.8 were

80

with permission of the copyright owner. Further reproduction prohibited without permission.

used for flux and concentration estimation respectively.
(4.7)

C a.wC2**) —CAw •erfc

z

\

^/4D dfyj / R f w J

(4.8)

If the air-side resistance at the sediment surface was considered significant, equations. 4.9
and 4.10 described the flux and concentration respectively.

(4 9 )

(4.10)

The model predictions were performed with the sediment properties estimated after the
removal of water after 140 hours and no attempt was made to model the system when water
layer covered the system. To model the system during this initial period accurate
measurements o f the water build up rate were necessary and no such measurements were
anticipated or recorded. Therefore the predictions agreed with the experimental flux after
the first 200 hours, when the experiment was effectively restarted after water removal. The
models and the boundary conditions used to obtain flux for DBF and PHE are the same as
used in the 6.5% moisture sediment case and were discussed in the previous section. The
DBF model assumed no air-side resistance, while the PHE model assumed a finite mass
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60

transfer resistance. There is reasonable agreement between the flux predictions and the
experimental values corroborating the earlier hypothesis that the oil phase contributes to the
retardation and does not provide an additional resistance.
Further evidence comes from Figures 4.5(a)-(c). Figures 4.5(a)-(b) show the post
experiment sectioning data for DBF and PHE respectively. Sectioning was performed for
both the oily and non oily sediment. In both cases, the surface section was about 3 mm
thick, followed by five 2 mm sections, two 5 mm sections and the remainder 10 mm
sections. The sectioning procedure used was described in Chapter 2. In figure4.5(a) and (b),
the data bars corresponding to the residual contaminant loading on the non-oily sediment
was lower than that in the oil sediment. This implied that the depletion from the non oily
sediment in the surface layers was greater than that in the oily sediments, indicating greater
loss from the former. This is in accordance with the flux data observed earlier, that showed
that lower losses from oily sediments. The overall mass balance shown in Table 4.4 ranged
94 to 100% validating the flux and the sectioning data. Figure 4.5(c) shows the profile o f
the measured oil and grease content in the post experiment sections. There was no
significant gradient for oil concentration and the comparison with the initial values show that
there was no measured movement o f the oil in the sediment.
4.3

Conclusions
The experimental fluxes for the oily sediments in this study were lower than the

non-oily sediments from both the 6.5% and 55% moisture content sediments. This trend was
maintained when the 6.5% moisture sediment surface was dried. The sediment sectioning
results also showed that the depletion occurred from the top centimeter o f the contaminated
sediment and the depletion from non oily sediments was greater than that from the oily
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Table 4.4. M ass balance from flux and sectioning d ata
6.5 % m oisture sediment

PHE

D BF
without oil

with oil

without oil

with oil

Initial mass from loading data,mg

35.4

34.7

53.3

36.6

Final mass from coring data,mg

28.5

27.6

49.4

31.7

Mass volatilized from flux data,mg

4.3

2.3

1.6

0.5

93%

86%

96%

88%

Percent Mass Balance

PHE

D BF

55 % m oisture sediment

without oil

with oil

without oil

with oil

Initial mass from loading data,mg

36.2

25.2

51.3

48.8

Final mass from coring data, mg

33.8

24.2

49.5

45.6

Mass volatilized from flux data,mg

2.2

1.0

1.0

0.4

99%

100%

98%

94%

Percent Mass Balance

sediments. In both the sediment moisture contents, there was no significant relocation o f the
oil and grease content in the duration o f the experiment. Model prediction o f the
experimental fluxes was performed by considering the oil and grease as an additional
sorptive phase and adjusting the retardation factors. Model predictions agreed with the
experimental results satisfactorily in both the cases.
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Chapter 5
Efficiency of Capping to Control Air Emissions from
Exposed Contaminated Sediment and Dredged Materials
In the chapters 2,3 and 4, laboratory experimental results illustrated that
volatilization from large exposed surfaces o f dredged material in CDFs could potentially
lead to significant air pollution. It is therefore, imperative that measures to control these air
emissions be explored. This chapter presents laboratory studies that were conducted to
evaluate capping o f CDF surfaces as a measure to control emissions from the exposed
surfaces. Experimental flux of dibenzofuran, phenanthrene and pyrene from laboratory
inoculated University Lake sediment were measured with the use o f two different cap
materials o f different thicknesses applied on the surface o f contaminated sediment.
Mathematical models that were developed earlier were tested and the overall applicability
to a field scale CDF was analyzed.
5.1

Sedim ent Capping
Capping is defined as the placement o f a layer of uncontaminated material over

contaminated sediment to isolate it from air, water or biota. Sub-aqueous, in-situ capping
of contaminated sediment has been studied extensively (Edgar and Engler, 1984; Thoma et
al., 1994; Thoma, 1994). Layers o f cap material are placed over zones o f highly
contaminated bed sediments in rivers and other water bodies. The lateral extent o f these
contaminated zones must be determined to optimize the amount o f cap material used. The
primary concern during the implementation o f sub-aqueous capping is the accurate
placement o f the cap over a target area. Placement o f sub-aqueous caps over predetermined
contaminated zones is performed by releasing the cap material from a barge, for example.
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Various cap design and placement considerations have been reported by several researchers
(Averett et al., 1990; Palermo, 1991).
Capping o f dredged material stored in upland CDFs have been considered in the past
and are discussed in the handbook o f dredged contaminated material (Cullinane et al., 1990).
They suggest a multi layer cap, each layer composed o f a different material to serve a
different purpose. A fine clayey layer immediately on top o f the contaminated dredged
material, followed by a coarse grained material such as gravel and a layer o f soil that will
promote growth o f vegetation. The vegetation acts as an additional cap layer. The clayey
material adjacent to the contaminated zone serves as an adsorptive barrier or a contaminant
filter. A layer o f coarse gravel on top o f the clayey material prevents the penetration o f
biological agents (such as roots o f plants or burrowing animals) from breaching the clayey
cap layer and reaching the contaminated zone. Capping o f upland CDFs or similar
land-surface structures can be implemented with greater control than sub-aqueous sediment
capping. Since upland CDFs are well defined confined regions, there is less effort in
determining critical zones as in sub-aqueous capping. It is relatively easy to place a cap after
the excess water drains away.
CDFs vary in the exposed surface area from a few thousand square meters to
hundreds o f thousand square meters. Since the surface area of dredged material in a CDF
is so large, it is necessary to optimize both the cap properties and the thickness for the
lowest cost and maximum performance. Hence the design that meets the emission standards
and the economic objectives requires a reliable mathematical model. The purpose o f this
chapter is to test an existing mathematical model that simulates vapor phase emissions from
a contaminated bed across a clean cap and illustrate its applicability in a controlled
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laboratory scenario. In this study, laboratory experiments were conducted to observe the
effect o f two different cap materials and thickness on volatilization o f organic compounds
from contaminated sediment. A 4-cm sand cap and a 2-cm sediment cap were tested in
separate experimental runs. The flux measurements form these studies were compared with
those obtained from an uncapped sediment o f similar physical properties (data presented in
chapter 2) as well as the model predictions. Flux measurements and post experiment
sectioning were performed on the sediment-cap system to check the overall mass balance.
5.2

Experimental
5.2.1

Sediments, Cap Material and Contaminants

Contaminated sediment for both the experiments were prepared by inoculating
University Lake (UL) sediment with phenanthrene, pyrene and dibenzofuran using the
procedure referred to in chapter 2. The moisture content o f the inoculated sediment was
adjusted to 6.5% and was prepared by drying, crushing, sieving and readjusting the moisture
after the inoculation process (procedure described in chapter 2). Two capping materials,
sand and uncontaminated sediment, were chosen for the experiments. The first cap material,
sand, was obtained from the Industrial Sand Co. (Port Allen, LA) and was used without any
further treatment or modification. Sand has been used widely in sub-aqueous capping and
is widely preferred as an inexpensive material. The second cap material, an uncontaminated
sediment, was obtained from University Lake, Baton Rouge, LA. and was prepared using
the same post-inoculation procedure used for preparing the contaminated sediment. A
sediment was chosen in order to obtain a cap material that has a higher organic carbon
content than sand and with higher sorptive capacity. In the actual application an
uncontaminated sediment dredged from nearby can be used as an inexpensive capping
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material. The relevant physical properties o f the cap and the contaminated sediment are
listed in Table 5.1(a,b). Properties o f the contaminants were listed in Table 2.1.
Table 5.1a. - Cap Pro perties
Sand Cap
Property
Thickness (cm)
Air filled porosity
Total porosity
Bulk Density (g/cc)

UL- Sediment Cap
2
0.62
0.68
0.881

4
0.39
0.39
1.571

Table S.lb. - University Lake contaminated sediment —Properties
Sediment CapExpt.
Sand Cap Expt.
Property
Thickness
Air filled porosity
Fractional Organic carbonff^)
Total porosity
Bulk Density
Dibenzofuran loading
Phenanthrene loading
Pyrene loading
5.2.2

5 cm
0.67
0.03
0.72
0.741 g/cc
30.3 ± 6 mg/Kg
62.6 ± 3 mg/Kg
64.2 ± 1 0 mg/Kg

7 cm
0.67
0.03
0.72
0.741 g/cc
16.4 ± 2 mg/Kg
46.1 ± 1 mg/Kg
54.4 ± 4 mg/Kg

Flux Measurement

Contaminant emissions were measured using the flux chamber described in chapter
2. The exposed sediment surface area was 115 cm2. In both the experiments, contaminated
sediment was loaded into the chamber to a predetermined height. The walls and edges were
cleaned thoroughly to remove any visible traces o f the contaminated sediment, that might
have adhered on them during the loading process. This step is important to ensure that the
clean cap material is not contaminated. The cap material was then added carefully in small
batches to avoid disturbing the contaminated sediment surface. The masses o f each material
loaded were recorded. In both experiments, humid air was passed across the surface o f the
cap material throughout the experiment. The emissions were trapped at the outlet o f the
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chamber using ORBO traps. Since the emissions were expected to be smaller than the
uncapped case, the sampling intervals for the flux measurements were longer, 24 -72 hours.
The analysis of the air samples were conducted using the same method as described in
chapter 2.
5.2.3

Post Experimental Sediment Sectioning

After the flux measurements were concluded, the top o f the chamber was removed
and the cap and the underlying sediment were sectioned surface to bottom (Thoma, 1994).
Sections about 5mm thick were taken o f the cap material. For the sediment, 2mm sections
were taken up to a depth o f 1cm below the cap interface with the contaminated sediment.
Subsequent sections were 0.5 cm in thickness till a depth o f 5 cm and 2 cm thick sections
then on. A sample from each composite section was packed in a 20-mL vial and stored at
~ 4 °C for further analysis.
5.3.

Results and Discussion
5.3.1

Mathematical Model

The analytical model developed to predict the transport in single cap systems is
schematically described in Figure 5.1. The concentration terms in the transport equations
are o f the pore air. The schematic shows the transport equations in each layer and the
terminal boundary conditions. The boundary conditions at the contaminated sediment-cap
interface are

CAJ (z, t) = CA2(z,t)

a tz = a,t> 0

(5.1)

a tz = a,t> 0

(5.2)

and
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Figure 5.1. Schematic o f the m odel with a single cap over a layer o f contam inated dredged material

The model assumes local equilibrium o f species A between the sediment and the pore air.
The surface flux is
N A( t ) = - D ^ t [ e x p ( - P \ t ) - ^ -

^

( 5. 3)

and the pore air concentration as a function o f time and space is
(5.4)

where 'Pi(Pn, z) and bn are the eigen functions and nth eigen value o f the system,
N(P„) is the Normalization Integral as described below,
b
a
N flU -R o /P P iO 3,..* V i z
0
a

')]2d z '

(5.5)

and I0(P„) is the initialization integral as described below,
b
a
0

a

The solution is described in detail elsewhere (Choy and Reible, 1999). The Mathcad® file
can be downloaded from http://www.hsrc.org/hsrc/htrnl/south.html. In this model all the
input parameters pertain to transport in the pore vapor phase, since the air-filled porosities
are large and the water filled porosity is assumed negligible. The critical parameters that
affect the vapor phase contaminant transport are the retardation factor, the effective
diffusivity and the cap thickness. The retardation factor is defined in equation 2.13 (with
negligible ew ). As mentioned in chapter 2, the sediment-air partition constant for
hydrocarbons is a strong function o f the fractional organic carbon at sediment moisture
contents greater than 3%. Materials like sand have very small organic carbon fraction. There
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is some adsorption o f PAHs on sand, but the mechanism o f adsorption is different from and
much smaller in magnitude than that on to a relatively high organic surface such as most
soils or sediments. The limiting value of the retardation factor as the adsorption on the solid
surface tends to zero is the air filled porosity (equation2.13). Sand caps effectively offer very
little sorptive retardation and their resistance to contaminant transport is primarily
diffusional. The effective diffusivity o f the cap materials and the sediment was calculated
according to the equations. 2.9 and 2.10. The porosities were computed using the sediment
properties listed in Table 5.1.
For materials with high retardation factors, such as the sediment cap used in this
study, as the contaminant vapor travels across the sediment-cap interface it is re-adsorbed
by the cap material. The cap material, in this case serves as a filter, and for this reason the
flux at the surface is zero for a certain amount of time depending on the thickness o f the cap.
In the absence o f any changes in the effective diffusivity, the cap thickness or the average
sediment concentration, the influence of the retardation factor decreases with time. As in the
case o f any adsorbing bed, breakthrough (when the sorptive capacity o f the cap material is
exceeded) occurs at some point and from then on the system behaves like an uncapped
sediment.
5.3.2

Sand Cap Versus Sediment Cap - Flux Measurements

A comparison o f the contaminant flux from uncapped sediment with the two capped
cases is shown in Figures 5.2(a) and 5.2(b). The experimental measurements are plotted
along with the model predictions. In both Figures 5.2(a) and 5.2(b), the data for flux from
the uncapped sediment was obtained from the experimental results presented in chapter 2.
Figure 5.2(a) shows the flux o f dibenzofuran in the three cases. The flux from the uncapped
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Figure 5.2. Comparison o f experimental and model predicted fluxes
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sediment was 210 ng/cm2.hr in the first 12 hours and it dropped rapidly in the first 150
hours to about 60 ng/cm2.hr. In comparison, the flux from the sediment with the sand cap
was 1.6 ng/cm2.hr at 24 hours, which increased to about 5 ng/cm2.hr in 70 hours and
decreased very gradually to 3.5 ng/cm2.hr in 700 hours. The flux for dibenzofuran from the
sediment cap case was about 1.5 ng/cm2.hr at 32 hours and increased to a value o f about 4
ng/cm2.hr in about 1800 hours. The total mass o f dibenzofuran lost by evaporation after 600
hours was 3.63 mg, 0.3 mg and 0.11 mg from the uncapped, sand-capped and
sediment-capped sediment respectively.
Figure 5.2(b) describes the data for phenanthrene. From the uncapped sediment the
flux was 51 ng/cm2.hr at 12 hours, 25 ng/cm2.hr at 150 hours and decreased to 9 after 1000
hours. In comparison, for the case with the sand cap, the value for flux in the first 24 hours
was 0.6 ng/cm2.hr, increased to 1 ng/cm2.hr in 118 hours and remained constant at 1.6
ng/cm2.hr to about 900 hours. In the case o f sediment cap, the flux o f phenanthrene was 0.4
ng/cm2.hr for the first 5 hours, which increased to 1.3 ng/cm2.hr in the next 24 hours and
gradually decreased from 0.6 ng/cm2.hr after 80 hours to 0.3 ng/cm2.hr after 1900 hours.
The sediment contained a third contaminant, pyrene. In the uncapped sediment, the flux of
pyrene was about 3 ng/cm2.hr after the first 12 hours and dropped gradually to about 1.2
ng/cm2.hr after about 1000 hours. In the sediment cap experiment, the first few samples
showed significant pyrene, but the later samples showed no pyrene at all. The presence o f
pyrene in the initial samples is attributed to the contamination o f the clean cap zone with
contaminated sediment during the loading o f the contaminated sediment bed. The sand cap
shows a significant reduction in the flux for all the compounds as compared to the uncapped
sediment. The sand cap offers only a diflusional resistance and offers negligible adsorption
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on it. Since the contaminant loading o f compounds is not the same in all the three
experiments, a direct comparison o f the three cases is difficult. However, a normalized
comparison can be performed since, the flux is directly proportional to the contaminant
loading.
S.3.3

Model Predicted Versus Experimental Data

In Figures 5.2(a) and 5.2(b), the model prediction for the uncapped case agrees well
with the experiment. The model for the uncapped case was given by equation 2.20. For the
sand cap and the University Lake sediment cap , the predictions are satisfactory. In the
uncapped case, the experimental flux o f dibenzofuran and phenanthrene follow the model
simulations very closely. It is clear that from the uncapped sediment, 30% of the total mass
o f 3.6 mg that was lost in 600 hours of sediment exposure, occurred within the first 60
hours. In the case o f the capped sediment, the contaminated sediment surface is isolated
from the overlying air. The pore air contaminant has to diffuse through the uncontaminated
cap layer in order to evaporate and hence the high initial flux is prevented. In the case o f
sand cap, the resistance is predominantly diffiisional, since the retardation factor is very
small. A larger cap thickness will increase the diffiisional resistance. The cap resistance can
be represented by De0/d , where d is the thickness o f the cap. The sediment cap not only
offers diffiisional resistance but also a retardation effect due to the high organic carbon
content. A pseudo steady state is attained after the sediment cap is in equilibrium with the
diffusing organic contaminant in the pore air. As discussed earlier in the description o f the
mathematical model, the predictions are sensitive to the values o f the air filled porosity and
the retardation factors used as inputs. These values were estimated prior to the experiment
for all the three experiments. The sediment-air partition constant o f dibenzofuran and
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phenanthrene for a 'wet' sediment ( >7% sediment moisture content , dry basis) were
determined experimentally in another work (deSeze, 1999). These values are reported in
Table 2.1. For the case o f pyrene, the partition constant for a 'wet' sediment was estimated
from the relationship Kd = (Kqc* foe) / He. The sediment porosity was measured using the
values o f the bulk density, moisture content and the particle density of the sediment. The
porosity o f sand was measured using a water displacement method. There was no significant
organic carbon measured for sand. A retardation factor o f 1000 was used for both
dibenzofuran and phenanthrene to obtain model predictions. For the case o f a sediment cap,
the retardation factor could be estimated.
The models used for the uncapped case was already discussed in chapter 2. For both
the capped cases, a finite surface mass transfer coefficient, ka was used for the three
compounds. The model described in section 5.3.1 uses a diffusive surface boundary
condition. No attempt was made to solve for the special case where the surface mass
transfer resistance was negligible. Since there was already a cap layer over the contaminated
sediment layer, the assumption o f surface air side resistance does not influence the flux
significantly. This was verified by performing simulations with varying ka values at the
surface.
The mass transfer coefficient, kaat the cap-air interface for phenanthrene and pyrene
was calculated from the boundary layer theory correlation (equation 2.17). The ka value for
dibenzofuran was obtained from the flux data for the uncapped case described in chapter 2.
The flux data was predicted by using a model that assumed no surface mass transfer
resistance (or infinite k j. The alternative model assuming a finite surface mass transfer
resistance was applied to the experimental flux data obtained from the uncapped sediment
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and the k, was adjusted to obtain a best fit between the model and the experiment. This k,
value was used as the surface mass transfer coefficient in the capping experiments. Model
simulation studies varying the surface mass transfer coefficient revealed little or no
significant effect on the contaminant flux. There is a significant difference between the
model prediction and experimental values o f the flux o f phenanthrene in the
sediment-capped case (Figure 5.2(b)). We observe that at longer times, the model and the
experimental values seem to converge. Since the sediment cap is highly adsorbing, we would
expect a very small progressively increasing value o f flux or no flux at all. The deviation o f
the experimental values from the model predicted values

are probably a result o f

contamination o f the clean cap layer with small amounts o f contaminated sediment during
the loading of the sediment into the chamber.
The long-term pseudo-steady state flux, from the uncapped sediment is controlled
by the sediment side resistance. This is a function o f the sediment-air partitioning and the
effective diffusivity o f the compound. We observe that the magnitude o f loss and depletion
from the sediment are in decreasing order for dibenzofuran, phenanthrene and pyrene. The
significant differences are in proportion to the sediment-to-air partition constants of these
compounds. For the sand-cap case, the model predicts a loss o f 524 mg o f dibenzofuran and
108 mg of phenanthrene in 930 hours, while the corresponding values calculated from the
experimental flux are 414 mg for dibenzofuran and 139 mg for phenanthrene. With
University lake sediment cap, the model prediction o f total losses are 1379 mg and 17 mg
for dibenzofuran and phenanthrene respectively, while the corresponding experimental
values are 877 mg and 104 mg.
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5.3.4

Sediment Concentration Profiles (Experiment and Model)

Figures 5.3(a)-(c) show the experimental and predicted sediment contaminant
profiles with depth in the chamber for the sediment capped case at the conclusion o f the
experiment. The model simulations were performed at the average contaminant initial
loading and setting the time to the duration o f the corresponding experiment. On the figures
dotted lines indicate the interface between the contaminated sediment, cap and air. Figure
5 3(a) shows experimental and simulated values o f the sediment contaminant loading profile
for dibenzofuran. There is significant penetration o f the contaminant into the cap. The
experimental sediment-cap contaminant loading values were 2.3 m g/kg, 9.2 mg/kg and 16.9
mg/kg at the cap-air interface, cap-contaminated sediment interface and at the bottom o f the
chamber respectively. The corresponding contaminant loading values obtained from the
model were 0 mg/kg, 6.7 mg/kg and 16.0 mg/kg. The linear contaminant concentration
profile in the cap layer indicates that the contaminant transport process in the pore space has
attained a steady state. This inference is corroborated by the nearly constant flux values
obtained experimentally.
Figure 5.3(b) shows the contaminant loading profile for phenanthrene. The depletion
is less severe than that o f dibenzofuran, as expected. However, there is some penetration
into the cap. The experimental sediment-cap contaminant loading values were 0.75 mg/kg,
12.8 mg/kg and 41.4 mg/kg at the cap-air interface, cap-contaminated sediment interface
and at the bottom o f the chamber respectively. The corresponding contaminant loading
values obtained from the model were 0 mg/kg, 22.7 mg/kg and 47.1 mg/kg. The
contaminant loading profile in the cap layer is fairly non-linear, indicating that the transport
is far from a pseudo steady state.
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Figure 5.3. Contaminant concentration profiles (sediment cap experiment and model)
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Figure 5.3(c) shows the contaminant loading profile for pyrene. The experimental
sediment-cap contaminant loading values were 0.72 m g/kg, 0 mg/kg and 49.4 mg/kg at the
cap-air interface, cap-contaminated sediment interface and at the bottom o f the chamber
respectively. The corresponding contaminant loading values obtained from the model were
0 mg/kg, 25.2 mg/kg and 54.5 mg/kg. Contaminant penetration into the cap layer is very
small. The sharp transition at the cap-sediment interface clearly shows that the pore space
contaminant vapor transport process is far from steady state. No pyrene flux was measured
in the air, which is expected since the pyrene adsorption on the sediment cap is still in the
transient stage. The good agreement between experimental and predicted values of
contaminant concentration indicates the robustness o f the assumptions used in the model.
5.4

Applicability for Field Conditions
Mathematical simulations were performed to illustrate the impacts o f volatilization

control measures in the field. Mathematical model values for phenanthrene emission rates
were obtained for three cases - uncapped, a 1-m sand cap and a 1-m sediment cap.For the
simulated CDF, a surface area o f 6 acres ( -24000 m2) and an initial sediment phenanthrene
loading of 30 mg/kg was considered. The surface area is based on a report o f a real CDF
in Alabama (Smith, 1995). The phenanthrene loading o f 30 mg/kg was based on the loading
levels in field sediments such as those obtained from Indiana Harbor Canal. The depth o f the
contaminated sediment used in each of these three cases was arbitrarily chosen as 9 meters.
The values o f sediment porosities, bulk density and fractional organic carbon were chosen
to be the same for both the uncontaminated sediment cap and the contaminated sediment
below the cap and are listed in Table 5.1. The retardation factor for the sand cap was chosen
to be 1000. This was based on the simulations obtained from the laboratory experiment
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reported previously in this study. The air-side mass transfer coefficient chosen was the same
as the current work (values reported in Table 2.1). The effective diffiisivities o f
phenanthrene in the both the sand cap layer and the sediment cap layer were chosen as 1.6
x 10-6 m2/s. Figure 5.4 illustrates the rate o f loss of phenanthrene from each o f the three
sediment systems for up to about 300 years. The time interval for data generation was 5000
hours after the first 10 hours. For the uncapped case, the rate o f loss was 1070 kg/year after
10 hours, decreasing to 48 kg/year in the next 5000 hours, 33 kg/year after one year and 11
kg/year after 10 years, 3.6 kg/year after 100 years and 2.5 after 200 years. With a sand cap,
the loss rate was 0.4217 kg/year after 10 hours, 0.4215 kg/year after half year and 0.4194
kg/year after 10 years and 0.3917 kg/year after 200 years. With a sediment cap, the rate o f
loss was 0 kg/year till about 200 years, increasing to 0.0012 kg/year after 250 years. The
flux from a sediment cap did not reach a pseudo steady state even after 300 years. A couple
of observations concerning the design o f caps for upland disposal sites can be made from
these simulations. F irst, the breakthrough time in a lm-sediment cap is approximately 200
years. Using a cap material with a high adsorbing capacity can acts as an effective sink for
the contaminants escaping the contaminated sediment layer. The time for breakthrough
depends on the thickness of the cap layer and the cap retardation factor. The sand cap
reduces the contaminant loss by about 92 percent after 200 years. The simulation clearly
illustrates the effect o f an adsorbing cap material in isolating contaminants in the vapor
phase. A hybrid cap material possessing properties o f high adsorption and low porosity
combined with biodegrading microbes can be manufactured to meet the cap design
requirements. It is possible to incorporate a reaction term into the model and obtain
simulations to aid in the design process (Choy and Reible, 1998).
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Second, though the absolute rate o f contaminant loss from the CDF seems
significant, the bulk o f the contaminant (~ 99 %) still resides in the sediment system. Results
presented in chapter 3 have shown that volatile loss rate will increase with the occurrence
o f a remixing or tilling event. However, this simulation assumes that the CDF will remain
free o f vegetation for the entire period o f the simulation. Vegetation cover is expected to
decrease the volatilization o f contaminants from sediment (Thibodeaux, 1989).
5.5

Conclusions
Experimental fluxes o f phenanthrene, pyrene and dibenzofuran were measured from

laboratory inoculated sediments capped with two different materials. The 4 cm sand cap and
the 2 cm sediment cap decreased the fluxes of dibenzofuran, phenanthrene and pyrene by
90, 94 and 95 % respectively. Post experiment sectioning of the sediment cap and the
contaminated layers beneath revealed complete penetration of dibenzofuran into the cap,
while phenanthrene showed lesser and pyrene showed the least penetration into the cap
layer. The model prediction o f the flux and the concentration profile were satisfactory.
Analysis o f a test simulation for field application was performed with a 1m sand cap and 1m
sediment cap. The sand cap showed a decrease of an order of magnitude in the yearly loss
rate, while with the sediment cap, the flux was zero for the first 200 years. The sorptive
capacity and the porosity o f the cap layer were the most influential properties affecting the
performance o f a cap.
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Chapter 6
Emissions of Polynuclear Aromatic Hydrocarbons
from Contaminated Dredged Materials Stored in a
Pilot-Scale Confined Disposal Facility
In chapters 2-4, the experimental data measuring the flux from laboratory flux
chambers were presented. The satisfactory agreement between the model predictions with
laboratory experimental data justified the progression o f this study to the next stage of
validating the findings in the laboratory scale experiments with measurements made in the
field and proceed towards the overall field objective o f US ACE. In the laboratory, air
emissions of polynuclear aromatic hydrocarbons (PAHS) were found to be low when the
dredged material surface was dry and increased as the surface was exposed to humid air. In
the beginning o f the laboratory experiments, when the dredged material was exposed to air
for the first time, the contaminant evaporation occurred from the surface. Hence, the only
resistance to contaminant transport was the air side resistance. At longer times, the
contaminant transport was governed by the sediment side diffusion, and the corresponding
resistance was higher than the resistance in the air film at surface. Therefore the flux
decreased. Reworking or tilling o f sediment brought dredged material in the lower layers
to the surface and the whole process o f contaminant evaporation was reinitialized, thus
enhancing surface contaminant flux. The porosity, the moisture content and consequently
the bulk density o f the dredged material affect the sediment side resistance to transport,
while the air side relative humidity and the wind velocity affect the contaminant transport
resistance on the air side. As mentioned earlier in chapter 1, field data reporting air
concentrations o f hydrophobic organic compounds near CDFs or similar structures are
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scarce. However, there are a few instances listed in Table 6.1 that report ambient
concentrations o f certain other hydrophobic organic compounds at a few sites containing
large exposed surface areas o f contaminated soil or sediment solids. Air concentrations in
the proximity o f a CDF near New Bedford harbor, MA contained PCBs were the range of
22 - 339 ng/m3. Other sources listed in Table 6.1 were not CDFs but similar scenarios.
Concentrations measured around exposed mudflats were 470 ng/m3. Lower concentrations
o f total PCBs were measured at a sediment landfill in Sweden. High concentration ranges
(85 - 8650 ng/m3) were found at an open landfill in Indiana. These measurements were air
concentration measurements and did not give a direct estimate o f the emission potential
from an exposed soil or sediment surface.
Table 6.1. Reports of atmospheric concentrations o f organic compounds near exposed
___________
________
sediment sites
Location
(type)

Contaminant
Type

New Bedford Harbor, MA,
USA

Total PCBs

Concentration Range
(ng/m3)

(Confined Disposal Facility)

22-339 in 1990 (Reible
and Thibodeaux, 1997)

(Exposed Mudflats)

471 in 1985 (EBASCO
Services, 1990)

Lake Jamsjon, Sweden
(Sediment Landfill)

Total PCBs

0.07-22.24 (Bremle and
Larsson, 1998)

Bloomington, IN, USA
(Open Landfill)

Aroclor 1242

85-8650 (Hermanson and
Hites, 1989)

To obtain validation for the data obtained in the laboratory and to test the models
found agreeable with this data, direct flux measurements must be obtained from dredged
material surfaces in a field scale CDF. The efforts described in this document are directed
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towards this objective. An intermediate step in going from the laboratory CDF microcosms
to a real CDF is a pilot scale CDF. This stage is necessary for a few reasons. The apparatus
used in the laboratory must be suitably modified to render field measurements possible.
Since field work is expensive, proper planning is o f utmost importance to reduce oversights
during a field expedition. A pilot scale experiment gives the researchers an opportunity to
solve such critical practical issues that are important in field work. Above all, the pilot scale
experiment provides data that can be compared with the laboratory findings and acts as a
screening stage for further proposed field work.
The pilot scale study was conducted at the United States Army Corps o f Engineers
Waterways Experiment Station (WES), Vicksburg, MS. A model CDF was constructed and
filled with sediment dredged material

obtained from Indiana Harbor Canal. Flux

measurements were made using a modification o f the flux chamber used in the laboratory
experiments. This falls in the category of isolation flux chambers. In chapter 2, the various
methods used by past researchers to measure surface emission fluxes were described.
Indirect methods such as micro-meteorology have been used widely to measure volatile
compound emissions from surfaces. In this method, chemical concentrations were measured
at various heights above a surface and the boundary layer theory was used to obtain a flux.
This method relies on accurate estimation o f certain parameters from the meteorological
data. Despite its successful use in many instances, it is still an indirect method to measure
surface fluxes. A more direct method was with the use o f soil clusters that were placed at
different levels in the soils and computed flux from the gradient o f chemical concentration
in the soil vapor. This method does not take into account the initial high fluxes from the
surface and is not suitable for dredged material with high moisture content. The isolation
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flux chamber methods were found to be the most direct in the measurement o f surface
fluxes. The laboratory flux chamber used in the preceding chapters uses such a design. The
area o f exposed surface in question is well defined by the enclosure rendering it simple to
measure surface fluxes. Various versions o f isolation flux chambers were also designed with
differing head space volumes.
Periodic flux measurements o f various P AHs were obtained with dredged material
from Indiana Harbor Canal stored in a pilot scale CDF over a period o f 616 months.
Meteorological measurements were also obtained continuously to monitor variables such
as air temperature, air relative humidity, wind speed, wind direction and soil temperature.
An artificial rainfall simulator was used 75 days after the start o f the experiment to study
the impact o f rainfall on air emission flux. The sediment was turned (i.e. reworked) 7
months after start to observe its impact on the emission flux. The objectives o f the study
were to collect air emission data from the pilot scale CDF and compare predictions o f
models and the observations from the laboratory experiments discussed in chapters 2-4.
6.1

Experimental
6.1.1

Sediments and Contam inants

Contaminated sediment dredged material for the study was obtained from the
Indiana Harbor Canal through the Chicago District o f the U.S. Army Corps o f Engineers.
Eleven 20-gallon drums o f sediment were transported to WES for the field-pilot experiment
and upon receipt were stored at room temperature before processing. The dredged material
was mixed in the barrel and then transferred to a large container for further homogenizing.
The dredged material was returned to the barrels and transported to the field site. Table 6.2
lists the relevant properties o f the sediment and the contaminants
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Table 6.2 Sediment and contaminant properties (pilot scale study)
In itia l Sedim ent P roperties
Moisture Content (g/g)

0.49

Fractional organic carbon

0.06

Fractional oil and grease

0.037

Air filled porosity

0.07

Total porosity

0.73

Bulk density (g/cm3)

0.69

Phenanthrene P roperties
Diffusivity in air (cm2/s)

0.058

Diffiisivity in water (cm2/s)

0.000058

Sediment-air partition constant (m3/kg)

1630

Figure 6.1 shows 16 common PAHs found in the sediment at measurable
concentrations. The concentrations o f phenanthrene and pyrene were the highest at 22 and
24 mg/kg respectively. Besides the PAHs the sediment contained around 3.6% o f oil and
grease, PCBs and a number o f sulfur and nitrogen based inorganic compounds.
6.1.2

Pilot Scale CDF

A site was selected for the experiment at the WES in Vicksburg, MS. The site was
excavated to remove the soil and replace it with coarse gravel. The purpose o f this medium
exchange was to facilitate water percolation and prevent runoff o f rainwater into the CDF
from adjacent areas. The model CDF was a wooden lysimeter box 4 feet long, 4 feet wide
and 2 feet deep, filled with sediment. An outlet was provided at the floor o f the box to drain
the leachate from the CDF. To collect lysimeter surface runoff, a drain was fitted at about
2 inches from the top edge o f the box. Figure 6.2 shows the complete experimental setup.
The lysimeter was placed in the ground after the excavation and gravel addition. Two drums
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Figure 6.1. Initial concentrations o f various polynuclear arom atic hydrocarbons in the Indiana H arbor Canal dredged material
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Figure 6.2. Schematic of pilot scale CDF experimental set up

were used to collect the leachate and the surface-runoff. The top edge o f the run-off
collection drum was level with the run-off outlet drain and the top edge o f the leachate
collection drum was level with the leachate outlet. The drums were buried in the ground,
and pipes from their openings extended above the surface, to facilitate the retrieval o f the
leachate or run-off for sampling or disposal.
After the placement of 2 inches layer o f pea-gravel and a 2 inches layer o f coarse
sand, the contaminated sediment dredged material was transferred to the model CDF. A
translucent acrylic canopy was placed over the model CDF, when flux measurements were
not performed. The canopy was elevated 2-3 feet above the CDF surface to allow wind
movement and air drying o f the dredged material. Its purpose was to prevent uncontrolled
rainfall addition o f water to the system and also to prevent disturbance of the sediment
surface due to direct impingement o f rain. The effect o f rain water wetting o f the surface
layers on volatilization was simulated separately under controlled conditions with a rainfall
simulator (Price, 1998).
6.1.3
A

Instrumentation

meteorological

station

installed

next

to

the model

CDF

recorded

meteorological variables. A Solus® Remote Terminal Unit (RTU 3355) was purchased
from Texas Electronics Inc., Dallas, TX. This comprised two temperature sensors, a wind
speed and direction sensor, a relative humidity sensor, solar radiation sensor, soil
temperature sensor and a rain gauge. Data was recorded and stored in a data logger for
periodic retrieval. In addition to the RTU and the connected sensors, two soil moisture
sensors (Watermark ®, Irrometer Company Inc., CA) were placed inside the sediment (2”
and 12” from the surface)
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6.1.4

Flux Measurement Setup

The complete experimental setup was shown in Figure 6.2. The central feature o f
the setup was the CDF and the flux chamber. The design o f the chamber is similar to that
described in chapter 2, except for a small change to the bottom section. Figure 6.3 shows
the elevation o f the bottom section. The sediment cavity meant to hold the sediment was
rendered bottomless. This was to permit the placement o f the flux chamber over any section
o f the dredged material surface. The walls o f this bottomless cavity was reduced to 4 cm to
ensure that measurements were not influenced by leakage from the sides. The edges o f the
wall that faced down were equipped were sharpened to facilitate easy penetration into the
sediment (especially when the sediment becomes dry and hardened). The mouth o f this
rectangular well (25 cm x 15 cm) corresponded to the glass window in the top section. The
weight o f the chamber caused it to sink into the wet sediment. A framework was
constructed to keep the chamber in place over the measurement surface area and to maintain
the desired air gap between the chamber and the surface (Price., 1999). The framework also
allowed for the lowering of the chamber to adjust to the shrinkage o f the sediment due to
drying. The schematic o f this framework is shown in Figure 6.4. This framework was
designed exclusively for the CDF o f these dimensions.
The need for such a framework, even in a model CDF of a small size such as the one
discussed here, highlights the practical restrictions a field site could place on practices used
successfully in the laboratory. The sediment in a CDF is initially a slurry and even as the
water drains out, the sediment is still fairly mobile with a relatively low bulk density and is
fluid-like. Consider a CDF with an area as large as 24,000 m2 (as mentioned in chapter 5;
Smith, 1995). Translating the area into an optimal geometry o f a square, the linear
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Figure 6.3. Modified flux chamber inside sediment
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(l)Wooden edge of the CDF (2) Sediment (3) Chamber (R l) Support Rod from wooden edge to the lowering
rod (R2)Height lowering rod (R3) Rod holding the Chamber in place in the sediment (C l) Movable
(adjustable) Joint on the wooden frame (C2) Adjustable joint to aid in lowering or raising of the chamber to a
desired height (C3) Adjustable joint to keep R3 and R2 perpendicular to each other (Bl)Bracket holding R3 to
the Chamber.

Figure 6.4. Support fram ew ork for flux cham ber

dimensions o f the CDF area are 155 m x 155 m. To make flux measurements in a random
grid across the area, one must be able to place the flux chamber a few meters from the edge.
To enable this, the site must be equipped with an elaborate support system around the CDF
that can place a flux chamber at any desired position and keep it in position. This is a remote
possibility at a CDF and constitutes considerable overhead expenses. If this is not feasible,
an alternative is to design the flux chamber that will not sink with the starting consistency
o f the dredged material. One way to do this is to make the chamber out o f a material such
as Teflon®, that is lighter than aluminum or steel or to place a buoying support around the
chamber. This emphasizes the importance o f design in going from a controlled laboratory
environment to field scale.
Another modification that was made to the setup (as compared to that used in the
laboratory) was concerning the air supply across the dredged material surface. While the
laboratory experiments used compressed air, the pilot scale study used a vacuum pump to
draw ambient air through the chamber and over the dredged material surface. A tube was
connected to the inlet end o f the chamber and was drawn out a few meters to the edge of
the perimeter o f the experimental area to prevent any air in the immediate vicinity o f the
sediment surface to enter the chamber.
At the outlet o f the chamber, a packed bed of XAD-2 resin (Supelpak 2 obtained
from Supelco®) trapped the PAHs in the air stream. A trap bed diameter was 1.5 cm. A
two sectioned trap was used; the first contained 1.6 grams and the back section for
breakthrough contained 0.8 g o f XAD resin. A flow meter was connected in line after the
trap to measure the flow rate o f air (11 L/min). The flux chamber sits on the dredged
material as shown in Figure 6.3 with a head space volume. In order to maintain a constant
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air velocity inside the chamber, the air flow rate was adjusted for a residence time of
approximately 3 seconds. A bypass and an in-line valve, connected before the vacuum pump,
controlled the air flow.
Experimental flux was calculated from NA = (AmA)/AcAt, where AmA is the
contaminant mass (ng) collected in time At (hours) over the cross sectional area o f the
chamber, \
6.1.5

(cm2). Thus flux has units o f ng/cm2.h.
Flux Measurement

Flux measurements were performed continuously for the first 6 days, when the
dynamics o f contaminant evaporation was expected to be the greatest, and intermittently
thereafter. The first sampling interval started immediately after the sediment was loaded into
the CDF. The weather station was programmed to collect and record data at 30-minute
intervals.
The sediment surface was divided into five zones to mark flux measurement sites
(shown in Figure 6.5). These were located within the four diagonally opposite quarters and
one in the center. The first four samples were taken from the central zone and the other
measurements were taken in any zone, picked at random . At the start o f each sampling
interval, a fresh XAD resin bed was used to trap the PAHs. After the first 6 days, the flux
chamber was placed on the dredged material only during flux measurement interval. For the
rest o f the period, the CDF was left exposed to air, while the weather station collected data
continuously. Rain was simulated 84 days (12 weeks) after the experiment was started. A
rainfall simulator, designed by researchers at WES (Price, 1998)], was used for this purpose.
The process water used in the rainfall simulation was obtained from a reverse osmosis unit
at WES. The simulation was performed for 30 minutes giving 0.5 inches rainfall. A 24-hr
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Figure 6.5. Flux measurement zones in the pilot scale CDF
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flux sample was obtained before the rain and another after the rainfall. Two adjacent cores
o f sediment were obtained before the rainfall event. Section analysis o f the core was
performed both at WES and at LSU for PAH loading information and oil and grease
content. The information was used to compare the estimated evaporative loss from the flux
measurements, the model and the measured loss from the concentration profile. The
sediment was reworked 6.5 months after initial loading, by mixing the top layers o f the
sediment to a depth o f about 12 inches with a rake. Flux measurements were taken before
and after this mixing.
Two 3.8 L buckets o f sediment were used as controls in the field study. To the
sediment in one bucket, 0.5% o f HgCl2 was added to kill microbial activity. Both were
covered and buried next to the CDF. The lids were opened weekly to allow exposure to air
for a few minutes. After 75 days, samples from both control buckets were obtained for
laboratory analysis. The controls were used to monitor the extent o f chemical
biodegradation in these sediments.
All analytical procedures were described in chapters 2, 3 and 4.

Sediment PAH

analysis was performed using SW-846 method 3550 B (ultrasonic extraction) after silica gel
cleanup (S W 846 method 3 630 C). The PAHs in the XAD-2 resin in the traps were analyzed
using the NIOSH method 5506. The sediment oil and grease content was analyzed
according to EPA SW-846 method 9071 A.
6.2

Results and Discussion
6.2.1

M athem atical M odel

The contaminated sediment was loaded into the CDF in a water saturated state as
a slurry. The initial sediment settling and consolidation resulted in the advection o f pore
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water out o f the sediment. Since the sediment is in equilibrium with the pore water,
diffusion will occur through the pore water to the surface where it will be exposed to the
atmosphere. As the sediment consolidates (as seen later in the section), w ater comes to the
surface and is lost by evaporation. As more o f water is lost, the sediment bulk density
increases and the volume fraction o f pores occupied by air increases, thus creating a
continuum o f air within the porous media that allows transport to occur in the pore air.
Water evaporation is rapid and during the shift from a water-based continuum and an airbased continuum, there will be increasing pockets o f air in the bulk dredged material and
decreasing free water in the pores. This will result in a parallel transport in both pore water
and pore air. This effect was described in figure 4.1. To sufficiently describe emissions from
such a dynamic system would require continuous monitoring o f the water content and the
corresponding changes in the air-filled porosity and bulk density. In the absence o f such
extensive data, the pore water based transport can be assumed for the first few hours, when
it is perceived that the evaporation o f water is still taking place and that the sediment volume
has not undergone significant changes. After th is, a vapor phase transport will be assumed
by the model. Indiana harbor canal sediment contains a significant percentage o f oil and
grease (3.7%) and as seen in chapter 4, this oil does influence contaminant transport. Hence,
this is incorporated in the model parameters (retardation factor). The transport is governed
by equation 2.2 reproduced here

where

n

dc

Rf

i t

^

a2c

= D-

(Z 2 )

is the effective diffusivity o f the contaminant in the pore air or pore water (cm2/s).

Phenanthrene was the compound used for comparison o f experimental flux and model
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simulation. Following the assumptions of boundary conditions in chapter 2 and 4, we
assume here also, that there is negligible air-side resistance for transport. The boundary
condition at the surface is CA= 0.
When the transport is in pore water, the effective diffusivity and the retardation
factor are computed by equation 4.3 and equation 4.2 respectively and are reproduced here.
e l0/3

(4.3)

and the flux is given by equation 4.4 shown again here,
(4.4)

where
(4.5)

For vapor-phase transport, the Deff and R,- are given by equation 2.9 and equation 4.1

10/3

e.

(2.9)

(4.1)

The flux and concentration are given by equations 2.20 and 2.22 respectively, reproduced
here.

(2 .20)
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( 2 .22 )

The initial vapor phase concentration C*° is given by
(4.5)

All the parameters and their significance have been discussed in chapters 2 and 4. Data
presented in this chapter is an extension of the validation o f these parameters and
mechanisms proven in chapters 2 and 4.
6.2.2

Field-Pilot Experimental Data

Although several compounds were detected in the sediment (Figure 6.1), flux was
calculated only for six o f the PAHs. T able 6.3 shows, for comparison purposes, the first 6-hr
average flux for the six PAHs from the dredged material. There were detectable levels of
all six compounds during this time period. All compounds showed a rapid decline in flux
rates over time. For example, naphthalene had an initial flux o f 7 ng/cm2/hr after the first
6 hours and dropped to < 1 ng/cm2/hr after 72 hours. Thereafter, naphthalene flux fell
below detectable levels. Phenanthrene had a flux o f 12 ng/cm2/hr after 6 hours decreasing
to 0.1 ng/cm2/hr after the next 4 days. Fluoranthene had a flux o f 20 ng/cm2/hr after 6
hours and decreased to less than 1 ng/cm2/hr. Pyrene had a flux o f 7 ng/cm2/hr after the first
6 hours and decreased to 2 ng/cm2/hr after 24 hours. Benzo(b) fluoranthene had a flux 2
ng/cm2/hr after 6 hours and decreased to less than 1 ng/cm2/hr after 24 hours. Benzo(a)
anthracene had a flux o f 4 ng/cm2/hr after 6 hours, decreased to less than 1 ng/cm2/hr after
72 hours. The data demonstrates the potential o f CDFs to release measurable amounts of

121

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Table 6.3. Field pilot experimental fluxes
Compound

In itia l 6 hour average
flu x (ng/cm 2/hr)

Naphthalene

7

Phenanthrene

12

Fluoranthene

20

Pyrene

7

Benzo(b)fluoranthene

2

B enzo(a)anthracene

4

various PAHs soon after placement o f dredged materials in a CDF. The largest flux was
observed at the very start o f the experiment. The sharp decline in flux thereafter was quite
obvious for all other compounds for which measurements were recorded. Data on
phenanthrene was the most extensive and was therefore used to compare with the model and
for performing mass balance calculations. In addition it could compared with the existing
data on phenanthrene from controlled laboratory experiments.
Meteorological conditions were measured throughout the experimental period as an
aid in interpreting or correlating the flux measurements. Figures 6.6(a)-(f) show temporal
changes in air relative humidity, wind speed, sediment temperature, air temperature,
sediment moisture and sediment compaction for the first 25 days after the start o f the
experiment. The relative humidity was consistently close to saturation during the nights and
fell to as low as 30 % during the daytime (Figure 6.6(a)). The wind velocity reached values
as high as 2.0 m/s during the day and was close to zero during the nights (Figure 6.6(b)).
The sediment temperature followed the air temperature profile, except being a few degrees
cooler (Figures 6.6 (c) and 6.6(d)).
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A direct correlation for temperature or air relative humidity with phenanthrene flux
was not evident.

A correlation with air relative humidity would be expected only if the

surface sediment was dry with less than 1% moisture content and subsequently was
contacted with humid air. Water molecules from air would compete for sorption sites and
thereby desorb phenanthrene from the surface sediment.

The fact that the nighttime

humidity was close to saturation under relatively calm atmospheric conditions might explain
the observation that the sediment surface was never dry. This maintained the sediment poreair concentration o f the contaminant at a level corresponding to that of the saturated
sediment. Compaction o f the sediment due to consolidation and moisture loss was visible.
Figure 6.6(e) gives the total compaction, lateral and vertical, the bulk of the compaction
being in the vertical direction. Large cracks also appeared along the sides and in the middle
o f the sediment surface as compaction and drying proceeded within the first week o f the
experiment.
A rainfall event was simulated onto the CDF on day 75. As shown in Table 6.4, the
pre- rain fluxes for compounds were slightly lower than the post-rain fluxes. Typically, if
the sediment is dry before a rainfall, increased moisture results in increased fluxes o f PAHs
(Valsaraj et al., 1997).

However, this was not the case due to the fact that, before the

rainfall simulation, the surface was not completely dry despite significant moisture loss from
the bed.

The sediment-air partition constant does not change considerably untill the

sediment is very dry ( < 1 % moisture), as shown by earlier work from our laboratory
(deSeze(b), 2000). Therefore, an increase in flux is not expected. The slightly reduced flux
observed was perhaps due to the downward percolation o f the contaminants with the
rainwater. After the sediment reworking, which occurred on day 193, there was a significant
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Table 6.4. Effect of rain and reworking o f sediment on the fluxes o f various
compounds from the pilot scale CDF
Flux (ng/cm2/hr)

Compound

Rainfall Simulation

Sediment reworking

Pre-

Post-

Pre-

Post-

Phenanthrene

1.11

0.25

0.22

3.01

Pyrene

1.10

0.15

0.16

0.18

Benzo(a)anthracene

NA

NA

0.25

0.51

NA

NA

0.33

0.77

Benzo(b)fluoranthene
^ote: NA means not availab e.

increase in the flux (Table 6.4). For example, phenanthrene showed a flux o f 0.22 ng/cm2/h
before reworking and 3 ng/cm2/h afterward, the same order o f magnitude as the initial 6hour flux. However, benzo(a)anthracene, benzo(b)fluoranthene and pyrene showed small
increases in flux as a result o f reworking. After the first few hours o f sediment exposure,
there was considerable depletion o f contaminants from the sediment surface. The process
again became sediment-side controlled, since the contaminant must diffuse from deeper
layers. Reworking exposed fresh sediment from the lower layers to the surface, increasing
the pore air vapor concentration of the contaminants in the top layer o f the sediment, thus
increasing the flux. This corroborated the earlier evidence of increasing flux upon reworking
sediments in laboratory experiments described in chapter 3. The most significant events of
reworking in a CDF likely occur with the addition o f new dredged material or during a
turbulent meteorological event such as a storm.
6.2.3

Model Prediction

A comparison o f the field values and model predicted values o f phenanthrene flux
for the first 2000 hours is presented in Figure 6.7. The field experimental values are denoted
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Figure 6.7. Com parison o f experim ental and model predicted flux o f phenanthrene from the pilot scale CD F

2500

by filled circles and the model predictions are shown by the bold and dashed lines. There is
a fair agreement between the field experiment and the models.
As stated earlier, initially the flux is due to diffusion in pore water, when the dredged
material has high moisture content. It was pointed out earlier that during the first 48 hours,
significant compaction o f the sediment was observed (Figure 6.6(f)). Cracks were also
visible in the center o f the surface after the first week. These cracks were 4—5 cm deep and
0.5-1.5 cm wide. Compaction occurred due to the loss o f water from the sediment. Two
possible primary pathways for water loss from the sediment are percolation and evaporation.
The initial 12 to 48 hours would be the period during which percolation, if any, could have
occurred. However, no measurable leachate was found implying that the rapid compaction
observed in the first few days o f the sediment exposure to air occurred due to evaporation
o f water from the dredged material surface and redistribution o f water within the dredged
material. During this 48 hours o f evaporation, it was assumed that chemical transport was
pore water based. The initial flux for 48 hours were calculated assuming diffusion in the
pore water to the surface, using equation 4 .4. The pore water concentration, was calculated
as 3.3 ng/cm3.
The model predicted flux with the initial physical properties is shown by the bold line
in Figure 6.7. The experimental flux is shown by dark circles. The predicted initial flux was
12.5 ng/cm2/hr at 1 hour and 5.1 at 6 hours, whereas the experimentally observed flux was
12 ng/cm2/hr after 6 hours, which was the first observed flux data for the experiment. The
predicted flux was 2.8 ng/cm2/hr after 20 hours, while the observed flux in the interval 6-20
hours was 4.1 ng/cm2/hr and the predicted flux was 1.7 ng/cm2/hr after 50 hours and the
observed flux in the period 21-44 hours was 1.4 ng/cm2/hr. After 50 hours, the simulation
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flux was calculated by assuming transport/diffusion in the pore air, using equation 2.20. The
transition from the pore-water model to the pore-air model is seen as a kink and a drop in
flux at about SO hours in the bold line in Figure 6.7. The predicted flux from the vapor phase
model at 60 hours was 0.17 ng/cm2/hr, while the experimental flux at 68 hours was 0.13
ng/cm2/hr. The predicted value o f phenanthrene flux after 300 hours was 0.08 ng/cm2/h and
the measured flux was 0.05 after 320 hours. At longer times (t > 400), the model under
predicts the experimental flux values. The scatter in the experimental flux may be due to
the fact that all the measurements were not taken from the same spot on the surface.
The mathematical prediction was governed primarily by the estimates o f the initial
pore air contaminant concentration, initial pore-water concentration, the sediment-air
partition constant ofphenanthrene, the effective diffusion coefficient (or effective diffiisivity)
and the partitioning o f phenanthrene between oil and the adjacent phases. The composition
of the oil and grease content present in the Indiana Harbor Canal sediment was not
characterized. Therefore the KoWvalues were not available for this oil mixture. As a near
estimate, the measured KqWo f motor oil in chapter 4 was used in the simulation. The initial
contaminant pore air concentration was computed from the measured average loading o f
the sediment and the partition constant. The partition constant was computed from the
previous experimental data (deSeze(b), 2000), weighted to the fractional organic carbon
content o f the sediment used in this study. Since, the sediment was wet (> 5% moisture
content) throughout, a change in the partition constant during the course o f this experiment
was not anticipated, in keeping with our laboratory investigations on sediment-air
equilibrium partition constants (deSeze(b), 2000).
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Two model calculations were made for the extended dredged material drying period
beyond 50 hours. First, an initial estimate o f effective diffiisivity was made from the initial
value o f air-filled porosity, which was computed from measurements o f bulk density,
sediment volume, sediment moisture content and the sediment particle density. The initial
parameters are listed in Table 6.2. The computed effective diffiisivity at the start of the
experiment was 1.54 x 10'9 m2/s. The model predicted diffiisional flux is shown as the bold
line. Clearly the experimental values o f flux between the time period o f 48 to 400 hours are
in agreement with the predicted flux from the model utilizing initial values o f Deff .
However, the values at time t > 500 hours vary significantly from the model predictions that
used the initial effective diffiisivity. The loss o f moisture led to a decrease in the sediment
moisture content, and an increase in sediment bulk density. Consequently the total porosity
decreased, whereas the air-filled porosity increased. Since no moisture content samples were
taken until after 70 days, the parameters such as bulk density, porosities and effective
diffusivities were computed at that point and after 70 days, the bulk density was 0.83 g/cm3,
the total porosity was 0.71, and the air-filled porosity was 0.17. Hence the computed
effective diffiisivity for the vapor transport was 2.98 x 10® m2/s as against 1.54 x 10'9 m2/s
at the start o f the experiment. The average o f these two diffusivities was 1.56 x 10® m2/s.
The model predicted values o f flux using the average effective diffiisivity is also
shown in Figure 6.7 as the dashed line. It is apparent that the fluxes at times greater that
500 hours are better predicted with the larger effective diffiisivity. Thus as the sediment
dries and water content changes, the effective diffiisivity change would contribute to a
slightly increased diffiisional flux than that which would be predicted using initial estimates
of sediment properties.
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6.2.4

Mass Balance in the CDF

Figure 6.8 is the comparison o f the experimental and predicted (equation 2.22)
phenanthrene concentration profile in the sediment after 70 days for the field experiment.
The initial loading is represented as a range with a standard deviation o f 3.5 about a mean
o f 22.3 mg/kg. The predicted concentration profile at 70 days showed depletion in the top
3 mm o f the sediment, whereas the experimental points showed a depletion in the top 5 mm.
A mass balance of phenanthrene was performed. The initial mass o f phenanthrene on the
CDF, approximately 9396 mg, was computed using the initial average loading and the dry
sediment mass. Two sediment cores were removed after 70 days from the CDF and
sectioned for analysis to obtain phenanthrene concentration in each section. The mass o f
phenanthrene found from the sectional analysis o f the sediment was 9323 mg, indicating a
loss o f about 73 mg of phenanthrene from the CDF. All the loss that was observed in the
core was from the top 1cm and was less than 1% o f the total phenanthrene mass in the CDF.
This was the observation from the model prediction, as well.
It is important to point out that the sediment core analysis provides an alternate way
of obtaining the long term steady state flux from the product o f the effective diffiisivity and
the slope o f the concentration profile as suggested recently by Ergas et al (2000). However,
to do this, the dredged material must be sufficiently dry and a correct estimate o f the
effective diffiisivity must be possible. There was no evidence o f significant biodegradation
or leaching from the CDF. Samples from the control cells were withdrawn after about 500
hours and the loading o f phenanthrene were found to be 21 mg/kg and 28 mg/kg for the
cells with the biocide and that without the biocide respectively. No significant microbial
degradation was observed from the analysis of the control samples.
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Figure 6.8. Comparison of the experimental and model predicted sediment concentration of phenanthrene in
the CDF after 70 days

6.2.5

Use of Air Emission Flux Values in Exposure and Risk Assessment

In order to illustrate the possible impact o f the sediment contaminant fluxes upon air
concentrations, the finite emission rate from a CDF can be converted to air concentration
downwind o f a CDF using a conventional air dispersion model. This should follow the
methodology described most recently for air emissions from commercial exploration and
production waste treatment facilities (Willis et al., 1999).

In the present case, the

experimentally obtained emission flux was used to obtain the dispersion o f phenanthrene
from a typical, large scale CDF. The EPA model ISCST3 ( Industrial Source Corridor Short Term) can be used for this purpose. The input to this program are the dimensions o f
the CDF, the emission rate and the meteorological conditions prevailing during the period
o f interest. The meteorological data that was required as input for the simulation were
obtained from the average values o f the parameters for the first week o f the field-pilot
experiment site. Table 6.5 lists the input conditions chosen for the simulation.
The dimensions o f the typical CDF were arbitrarily chosen to be 320 meters long and
320 meters wide. For example, one o f the proposed CDFs for the New Bedford harbor
sediment dredged material is about 100,000 m2 in area (Reible and Thibodeaux, 1997).
The phenanthrene air emission flux rate used was the maximum (initial) value o f 12
ng/cm2/hr for the area source as obtained from the pilot scale experiment. A total of 180
receptor points was located in a polar grid with an angular frequency o f 12 degrees and to
a maximum distance o f 5000 meters from the source. The highest concentration of 1100
ng/m3 was found at the edge (perimeter) o f the source. Beyond 1000 meters from the
source the concentration in the air was below 100 ng/m3. Concentrations from 10 down to
0.1 ng/m3 were obtained between 5000 and 6000 meters from the source. Concentrations
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Table 6.S. ISCST3 - Dispersion Model Input Parameters
Input F ile Parameters:
Length o f area source

320 m

Width o f area source

320 m

Model options

Rural

M eteorological Conditions:
Maximum wind speed

2 m/s

Average wind speed

0.58 m/s

Anemometer height

0.2 m

Average temperature

298 K

Atmospheric condition

Calm

Mixing height

970 m (night),
470 m (day)

o f phenanthrene reported for urban areas ranged from 10 ng/m3 to 300 ng/m3. Thus, the
maximum concentrations downwind o f the site will be no larger than typical ambient levels
o f phenanthrene.
To estimate worker exposure concentration at the site, one can use a box model
approach. In this case, a long term average concentration is o f interest rather than a
concentration under a specified set o f meteorological conditions at a given location. It will
be sufficient to employ average meteorological conditions and use concentration averaged
over the depth o f the “box”. This analysis has been done by Reible (1995) and an
approximate equation obtained

C - { o

22 H In (2.5H),

Na
—
U
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(6-4)

where L is the length o f the source in the direction o f the wind (m), H is the height over
which the contaminant is approximately well mixed (m), U is the average wind velocity
(m/s) and N Ais the contaminant flux expressed in ng/m2.s. Assuming neutral atmospheric
stability conditions, it has been reported by Reible (1995) that the bracketed term is
essentially constant and equal to 27. Thus, the estimation o f C ( = 27 NA/U) represents the
long-term average concentration on or immediately adjacent to the CDF site and is given
in ng/m3. Taking the recorded maximum (initial) phenanthrene flux o f 12 ng/cm2.h ( = 33
ng/m2.s) from the field experiment and using the average wind velocity o f 0.58 m/s (Table
6.4), the air concentration at the site was calculated as 1551 ng/m3. This concentration is
approximately five times the maximum ambient concentration o f phenanthrene in urban
areas. The estimated air concentration at the site can be used to compute the inhalation
potential (in mg/kg/d) for a worker at the site. It should, however, be pointed out that the
OSHA established threshold limit value for PAHs in air is 200 pg/m3, which is 128 times
larger than the calculated phenanthrene concentration o f 1551 ng/m3. The above values are
provided to illustrate the low levels of contaminant flux from the sediment in the context of
commonly monitored and reported air concentrations.
6.3

Conclusions
This pilot scale study was performed with dredged material from Indiana harbor

canal contaminated with PAHs, PCBs and significant oil and grease. Emission fluxes o f a
few PAHs were measured. The average flux o f phenanthrene after 2000 hours was 0.17
ng/cm2/hr. A rainfall event was simulated 75 days after start of the experiment and the flux
o f the HOCs measured did change significantly, since the dredged material moisture content
was unchanged; it was wet prior to the rain event simulation. CDF were already wet. After
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a reworking event, however, the flux o f phenanthrene increased an order o f magnitude. The
meteorological parameters, wind velocity, air relative humidity and temperature were
measured. No correlation was observed between the chemical flux and these meteorological
parameters. A core of the dredged material was obtained and sectioned and analyzed for
PAH concentrations and oil and grease content. The depletion occurred only the top 1 cm
of the core. An important observation was the compaction o f the dredged solids in the
model CDF due to the evaporation o f water. This resulted in changes in the porosity and
bulk density o f the solids thus affecting the chemical transport properties. The model
developed in the preceding chapters was applied in this study to predict the phenanthrene
flux. In the first 48 hours, when the sediment has high moisture content, the contaminant
transport was considered to be predominantly in the pore water and subsequently it was
assumed to be in the vapor phase o f the dredged solids. The model prediction after 48
hours was for vapor phase transport, performed for two different air-filled porosity values
thus accounting for the loss o f water through evaporation. The experimental flux data
agreed satisfactorily to the model predicted flux values and lends credibility to their use in
risk assessment.
An EPA dispersion model (ISCST3) was applied using the maximum phenanthrene
emissions fluxes (12 ng/cm2/hr) obtained from this study to evaluate the air pollution risk
to humans. The highest concentrations (—1100 ng/m3) were found at the edge o f the model
CDF (area —100,000 m2) and 100 ng/m3 beyond 1000 m away from the CDF and between
10 ng/m3 and 0.1 ng/m3beyond 5000 m. At locations away from a CDF, the concentrations
predicted were the same or lower than reported phenanthrene concentrations in ambient
urban atmosphere (10 - 300 ng/m3). The exposure concentration were found to be
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substantially higher than levels found in ambient air. However, this does not pose significant
concern since the OSHA prescribed worker exposure threshold limit for PAHS is 200
Hg/m3, which is almost 100 times higher than the predicted concentrations.
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Chapter 7
Effect o f Shrinkage Cracks on Surface Emissions
from Exposed Dredged Material
Dredged material in a confined disposal facility (CDF) is exposed to the atmosphere
after the drainage o f the free standing water. In Chapter 6, we observed that evaporation
o f water from the exposed dredged material resulted in shrinkage o f the bulk dredged solids
in a CDF. Such shrinkage due to loss o f water resulted in the withdrawal o f the dredged
material from the CDF walls and in the formation o f large cracks on the surface. Other
observations in the field and extensive recording o f shrinkage cracks in the agricultural
literature led to the question o f their impact on the overall evaporative flux from large
exposed dredged material surface areas such as found in CDFs. The objective o f this chapter
is to analyze the effect o f cracks on the surface o f exposed dredged materials stored in a
CDF on chemical evaporation. Evaporation data from an experiment conducted by Adams
et al. (1953) was used to empirically derive a mass transfer coefficient. This empirical
equation was used to evaluate the effect of cracks covering a certain percentage o f the
exposed surface area o f dredged materials in a CDF. The analysis performed in this chapter
is approximate and is a simplistic preliminary tool that can used to obtain rough estimate.
It is not a rigorous mechanistic tool and further experimental validation is required to
evaluate the robustness o f this empirical model.
7.1

Evaporation from Soil Shrinkage Cracks
The bulk o f the literature concerning the formation and characteristics o f cracks is

in the field of agriculture and irrigation. Their focus was to observe the effect o f cracks on
the water balance in exposed soil surfaces caused by infiltration o f irrigation water and

137

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

evaporation o f residual moisture (Dekker and Bouma, 1984; Hasegawa and Sato, 1987;
Adams and Hanks, 1964). In all the cases above it was important to estimate the effect of
the cracks on water evaporation, to plan irrigation cycles and maintain the soil moisture
content necessary to sustain optimal conditions for plant growth. In a CDF, the same
processes o f water infiltration and evaporation occur. Figure 7.1 shows a dredged material
surface in pilot scale CDF that is covered with cracks.
The characteristics o f cracks, such as the dimensions and the rate of propagation or
closure, depend on the properties of the soil (Yassaglou et al., 1994) and also on the
vegetation associated with the soil. Cracks have been found to vary in size depending on the
soil type and the residual moisture content. Dasog (1994) reported the dimensions and
volume o f various cracks in a clayey soil under different crop covers. The maximum
dimensions observed in his study were lengths o f 600 cm, depths of 36 cm and widths o f
2.2 cm. In the report by Adams and Hanks (1964), shrinkage cracks o f depth reaching 60
cm were observed in Texas Blackland prairie soils (clayey). Thibodeaux (1989) conducted
a laboratory study to observe crack formation in a montmorillonite soil. The soil had a high
moisture content (-35% ) initially and was left to dry inside a wind tunnel for about 10 days.
Crack formation was observed within 24 hours. At the end of 10 days, approximately 20 %
o f the surface were occupied with cracks. However, this soil was confined in a container 1.5
ft in diameter and about 8 inches deep. In Chapter 6, compaction and withdrawal o f the
dredged material from the side walls and crack formations on the surface o f the dredged
material in the pilot scale CDF were observed. In this case the compaction was rapid during
the first week of exposure and evaporation so that by 20 days of the experiment the rate of
shrinkage and crack propagation were at a steady state.
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Figure 7.1. Cracks on dredged material surface of a pilot scale CDF
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Adams and Hanks (1964), in their field studies o f crack in vertisols, also performed
a series o f measurements o f evaporation o f water from within a crack. They used small
moisture equivalent boxes or “soil atmometers” (1" by 1" by 2") filled with moist Houston
Black clay. The moist soil in these boxes was slowly saturated and excess water removed
and weighed. One face o f the cube box was made o f a wire mesh through which water
evaporation could occur. A number o f these atmometers were mounted at different heights
(6" intervals)

on a vertical wooden support that were suspended in crack such the

atmometers did not touch the sides o f the crack. A cross rod was attached to the main
vertical support bar at the surface to maintain the position of each support. The atmometers
were removed and the loss o f moisture by evaporation from each height measured. All the
atmometers had soil with initial moisture contents o f close to 50% and within a week all o f
them had less than 10% soil moisture. The rates o f evaporation were higher for those placed
closer to the surface. This data illustrated that evaporation does occur from within the
cracks.
7.2

Predictive M ethods for E vaporation from Cracks
Evaporation rate of a component from any soil surface, horizontal or vertical in

orientation, is driven by the rate o f renewal o f air (with the component) in contact with the
surface. In the absence of cracks, all evaporation occurs with the air passing over the upper
horizontal surface where the air-side resistance controls evaporation. As seen in Chapter 2,
the mass transfer coefficients for this surface evaporation can be computed using
correlations connecting the wind speed and the contaminant properties. In the presence o f
a crack, the air flowing over the upper horizontal surface of a soil is not in direct contact
with the vertical surface o f the walls o f the cracks. Figure 7.2 illustrates the surface
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Figure 7.2 .. Possible mechanisms o f vapor phase contaminant transport from a crack
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orientations and the possible regimes o f vapor phase transport that could contribute to
evaporation from a crack. In the upper regions o f the vertical surface in a crack, the effect
o f the air moving may have a “convective” influence. In the lower vertical surface regions
(i.e. deeper in the crack) however, convection is less and the transport is more diffusive in
nature.
Miller (1979) studied evaporation o f organic solvents (ethanol, acetone,
cyclohexane, methanol) and water from beakers in fume hoods at different face velocities.
As the fluids evaporate, the level o f the liquid falls down. The rate o f evaporation o f a
solvent was measured as a function of the aspect ratio (z/d), where z was the depth o f the
liquid level from the top o f the beaker and d was the diameter o f the beaker. The z/d ratio
was typically less than 2 (wide mouthed beakers). They describe the flow fields o f the
velocity near the edge o f the beaker as “separated flow” (shown in Figure 7.2). The
mechanistic mathematical analysis for such systems is complex and an easier method was
sought to obtain a predictive equation for similar systems. Empirical equations connecting
the mass transfer coefficients to the fluid and flow properties have been used in chemical
engineering practice for a long time. Miller (1979) obtained an empirical equation from the
experimental data collected for various wind speeds and for all the fluids. Assuming the
vapor concentration in the head space o f the beaker to be the saturated vapor pressure, CA*
o f the fluid, the measured fluxes were related to a mass transfer coefficient, ka, using the
following equation

The aspect ratio , z/d, was computed for the various cases o f measured fluxes and k,
obtained for various z/d ratios were analyzed to fit the data in the following form
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Nu = Re08 Sc,/3 f(z/d)

(7.2)

where the Nu is the Nusselt number defined by
kd
Nu = ~

(7.3)

a

where d is linear dimension in the direction o f the flow o f air and Da is the diffusivity o f the
component in air. Re is the Reynolds number defined by dv/v, where v is the linear velocity
and v is the kinematic viscosity and Sc is the Schmidt number for air. From equation 7.2,

f(z/d) = -----^ ----Re08 Sc,/3

(7 4)
1 '

The right hand side o f equation 7.4 was computed from the experimental k, and Re and was
plotted against the corresponding z/d. The function f(z/d) was found to be 0.0358 0.018*(z/d) with a correlation coefficient o f 0.82. Consequently the equation to represent
Nu in their study was
Nu = (0.0358 - 0.018(z/d» Re08 Sc,/3

(7.5)

A soil crack is similar in geometry as the case considered above and this empirical approach
can be adopted to predict evaporation from a crack, given a large data set connecting
evaporation rates to crack dimensions and wind speed across the horizontal surface.
7.3

Experimental Data for Empirical Treatment
Adams et al. (1969) conducted a number o f experiments measuring evaporation o f

water from cracks in the field. One o f the experiments in that series was conducted using
a simulated shrinkage crack on the floor o f a wind tunnel. The simulated crack was a
rectangular cavity o f adjustable width and height. The crack walls w ere composed o f
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multiple sections o f porous ceramic plates which could be removed to adjust the depth and
width o f the crack. The surface o f the porous plates were connected to a water source.
Evaporation was measured directly in terms o f w ater loss from the source. Experiments
were conducted for four different velocities (2.2 m/s, 4.5 m/s, 6.7 m/s and 8.9 m/s), four
crack widths (1 cm, 3 cm, 5 cm and 7 cm) and four crack depths (0-15cm, 0-30cm, 0-45
cm, 0-60 cm). Evaporation occurred from the surface o f the crack as expected in a real
crack. Evaporation rates of water measured from the water sources were reported in cm3/hr.
A few qualitative observations from the data were made by Adam et al. The total
evaporation from both walls o f the simulated crack was the greatest near the surface and
decreased with depth. Air movement in the horizontal plane in the simulated crack was
directly related to windspeed across the crack and decreased with depth below the surface.
Air movement in the simulated crack affected the saturated deficit by sweeping away the
moist, cool air near the walls and replacing it with drier, warm air moving across the top o f
the simulated crack.

Increasing air movement within the simulated crack increased

evaporation from the walls, causing a cooling o f the wall surface and a decrease in
temperature within the crack.
The data sets for evaporation as function o f the various wind speeds and aspect
ratios (z/d) were modified to obtain an equation similar to equation7.5. Evaporation rates
were converted to evaporative fluxes using the crack mouth area (or the projected area o f
the crack on the horizontal surface) in each case. The length o f the crack was maintained
constant at 45 cm in all the cases. Water volume loss rates were converted to mass loss rates
using the density o f water vapor and were then divided by the projected area o f the crack
on the horizontal surface (given by crack length, 1x crack width, d) to obtain mass flux, NA.
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The temperature o f the air inside the crack varied from 20 - 25 °C. The air inside the crack
was assumed to be saturated with water vapor ( CA*= 0.000025 g/cm3). The air flowing the
wind tunnel was assumed to be dry and the overall driving force for evaporation o f water
from the crack was CA*. The mass transfer coefficient was computed using equation 7.1
from the driving force and the computed flux. Nusselt number was computed using equation
7.3. The Reynolds number and the Schmidt number were calculated and the equation 7.6
was chosen to fit the modified data
Nu = (0.036 - f(z/d)) Re08 Sc,/3

(7.6)

which is based on the general turbulent boundary layer theory equation
Nu = 0.036 Re08 Sc1/3

(7.7)

that describes mass transfer coefficients over flat surfaces. Equation 7.6 was rearranged and
values o f the modified Nusselt number were computed using equation 7.8

Nu(modified) = 0.036 - -----^ U- —
Re * Sc

(7-8)

These were plotted against the corresponding z/d as shown in Figure 7.3. A power law
expression was found to be the best fit with a correlation coefficient o f 0.8. The equation
for Nusselt number from the fit can be written as
Nu = (0.036-0.0336 (z/d) 0065) Re08 Sc"3

(7.9)

From, Figure 7.3, equation7.9 is best applicable in the z/d regions of 10-20.
7.4

Application to Cracks on a CDF Surface
The mass transfer coefficient obtained from the analysis described in the previous

section was used to estimate chemical evaporation from a dredged material surface covered
with cracks. This empirical coefficient describes the overall resistance for evaporation of a
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o

Figure 7.3. Plot of modified Nusselt number as a function of (z/d).

O **

chemical from inside a crack to the horizontal surface. A cracked soil structure has both
vertical evaporative surface (inside cracks) and horizontal evaporation surface, while an un
cracked soil has only a horizontal evaporation surface.
Figure 7.4 shows the schematic o f the proposed conceptual model for chemical
evaporation from cracked soils. A cracked soil or dredged material surface is divided into
two sections - one where the evaporation occurs from the horizontal surface (region A in
Figure 7.4) and the other where the evaporation occurs from the vertical surfaces in the
cracks (region B in Figure 7.4). The transport model for horizontal surface evaporation was
described in section 2.4. Similar to the analysis o f contaminant evaporation from the
horizontal surface o f the dredged material in a CDF, the vapor phase contaminant transport
from a crack is considered as two processes in series - diffusion in the porous solids (the
walls o f the cracks) and transfer through the air film above it. When the contaminant in the
crack volume is swept out by air flowing over the crack mouth, it is renewed by transport
from the contaminated crack walls. When the crack wall surfaces are depleted, diffusion
from the deeper layers bring vapor phase contaminant into the crack air space.
The following assumption is made for the model development for transport o f
contaminant from a crack. The depletion corresponding to the surface evaporation does not
affect the depletion from the crack walls, since in the previous chapters, it was shown that
contaminant loss occurs only from the top few centimeters. Consequently the loss from
crack walls is assumed to be uniform throughout the depth o f the crack. The model also
assumes constant crack dimensions for the duration o f the simulation. To summarize the
analysis o f evaporation o f a chemical, a crack is considered as a regular horizontal dredged
material surface, but with a different air-side mass transfer resistance represented by the
mass transfer coefficient shown in equation 7.10.
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Figure 7.4. Transport model for evaporation from a crack in comparison with
that from the horizontal surface
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A = (0.036-0.0336(z/d)00<0) Re08 Sc1/3 —
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d

(7.10)

Phenanthrene was chosen as the compound for this analysis. Most o f the data originates
from the pilot scale study described in chapter 6. Equation 7.10 was applied to obtain the
mass transfer coefficient for transport from the crack. Parameters to evaluate the ka
corresponding to equation 7.10 are listed in Table 7.1. Wind velocity for the computation
Table 7.1. Param eters used for k.rRAfif estimation and flux com parison
Property
wind Speed (cm/s)

200

temperature (°C)

22

crack aspect ratio (z/d)

15

crack width, d (cm)

4

crack depth, z (cm)

60

sediment air filled porosity, eA(_)

0.17

sediment total porosity, eAH

0.71

sediment bulk density, pb (g/cc)

0.83

s CphenantfucK-»r (Schmidt Number ofPH E in air)

2.67

s c, w,««r-«r (Schmidt Number o f water vapor in air)

0.6

phenanthrene loading, mg/kg

22.3

o f Reynolds number was chosen as 200 cm/s from the average wind speed observed in the
meteorological data in Chapter 6. The crack dimensions were chosen to be constant
throughout the CDF area, and were based on the general observations in the field. An aspect
ratio (depth/width) o f 15 was chosen, a crack width of 4 cm and a crack depth o f 60 cm
were chosen. The total surface area o f the pilot scale CDF in Chapter 6 (14,865 cm2) was
chosen for the simulation.
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Simulations were performed for two cases - a cracked dredged material surface
(with 10% o f the dredged material surface occupied by cracks) and a surface without
cracks. With respect to Figure 7.1, the area occupied by the dark regions (cracks)
constituted 10% o f the total surface area o f the CDF. This fractional area occupied by
cracks was chosen based on various observations discussed in section 7.1 in this chapter.
The total rate o f evaporative loss o f chemical from a cracked dredged material
surface was computed by equation 7.11
M A(t) =

^ A ,S u rfa c e (^ ^ S u rfa c e

+ ^ A .C ra c k s W

where MA(t) was the total mass loss rate,, N„

racks

(7.11)

was the flux from cracks (computed

using equation 7.12)
/
^ A .C ra c k

and

^

A^a,crack e X P

k2*‘ 1 erfc
D eff—Rff j

k v
Deff RfJ

(7.12)

was the surface area o f the CDF covered with cracks (0.1 x 14,865 cm2) NAlurficc

was the flux from the horizontal surface (computed using equation 7.13)

N A,Surfacc = C° A

(7.13)

^

was the horizontal surface area uncovered with cracks (0.9 x 14,865 cm2). The area
o f cracks mentioned above was the projected area o f all the cracks on the surface and not
the area o f the crack walls. Evaporation from an uncracked dredged material surface was
also given by equation 7.11, with

set to 0 (i.e

= 14,865 cm2). The values o f the

effective diffusivity, D ^ , the retardation factor, R* and the initial pore vapor CA° were
obtained by using eqs. 2.9, 2.13 and 2.12 respectively. Figures 7.5 (a)

shows the

comparison o f phenanthrene mass loss rates in ng/hr for for a cracked surface and an
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2500

when both the horizontal and the vertical surfaces (inside a crack) are “wet”.The retardation
factor and the corresponding initial pore air concentration were calculated based on the
‘wet’ partition constants for phenanthrene. The mass transfer coefficient for evaporation
from the crack obtained from equation 7.10 was 1.46 x 10'3 m/s. The properties o f the
sediment are shown in Table 7.1. The effective diffusivity and the retardation factor o f the
sediment were computed based on the values obtained in the pilot study after the initial
evaporation. Air filled porosity and bulk density were set at 0.17 and 0.83 g/cc respectively.
The simulation was performed with phenanthrene at an initial loading o f 22.3 mg/kg for a
duration o f 2000 hours.
The solid line represents the loss rate from an uncracked surface and the dots
represent the loss rate from cracked surface. The loss rate in the absence o f cracks was 1.74
x 10s ng/hr after 1 hour, 5.52 x 104 ng/hr after 10 hours, 1.74 x 104 ng/hr after 100 hours
and 5.52 x 103 ng/hr after 1000 hours. With 10 % of the surface covered with cracks, the
mass loss rate was 1.67 x 10s ng/hr after 1 hour, 5.44 x 104 ng/hr after 10 hours, 1.74 x 104
ng/hr after 100 hours and 5.51 x 103 ng/hr after 1000 hours. The flux in the presence of 10%
cracks was slightly less than that from the surface without cracks. The difference in mass
loss rates was very small (< 5% at the highest) between the two cases.
Figure 7.5(b) shows the comparison o f phenanthrene mass loss rates for the case
where the horizontal surface had a moisture content classifying as ‘dry’, while the crack
walls had a moisture content which was still ‘wet’. This situation would arise when there
is very rapid drying of the surface while the cracks are still wet. The retardation factor and
the initial pore air concentration inside the crack were computed using the ‘dry’ sediment
-air partition constant phenanthrene (log KSA-dry = 8.0). The solid line represents the loss
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rate from an uncracked dredged material surface and the dots represent the loss rate from
a cracked surface. The loss rate in the absence o f cracks was 1.85 x 104 ng/hr after 1 hour,
5.84 x 103 ng/hr after 10 hours, 1.85 x 103 ng/hr after 100 hours and 5.84 x 102 ng/hr after
1000 hours. With 10 % o f the surface covered with cracks, the mass loss rate was 2.62 x
104 ng/hr after 1 hour, 1.0 x I04 ng/hr after 10 hours, 3.37 x 103 ng/hr after 100 hours and
1.08 x 103 ng/hr after 1000 hours. The flux in the presence of 10% cracks was higher than
that from the surface without cracks. The difference is visible on plot in Figure 7.5(b).
The simulation results suggest that when all surfaces are “wet”, evaporation from
a cracked soil is slightly less than one without cracks. When the soil on the surface is “dry”
and that in the crack “wet”, the loss rates from a cracked soil were significantly higher (as
seen in Figure 7.5(b)). The reduction in flux from as a result o f

“dry” vs “wet”

thermodynamic conditions is o f greater significance than the increase in area due to cracks.
In the simulation, it was observed that the magnitude of the mass transfer coefficient
obtained from the correlation was influenced by wind velocity,, depth o f the crack and the
width o f the crack in that order. This would imply that a narrow, but deep crack would
result in greater loss from a crack than one with a wide mouth. This can probably be
explained by Figure 7.2, where convection was suggested around the mouth o f a crack. This
also implies that most o f the evaporation in a crack must be from the region near the mouth
o f the crack. The simulation performed in this section is a preliminary attempt at
quantitatively estimating the losses in the presence o f surface cracks. At this stage, it is not
a robust risk assessment tool and further rigorous modeling and experimental validation is
required. Rigorous modeling o f such a system must be pursued by using a three dimensional
grid and numerical routines. Fractal methods to estimate the shrinkage and transport
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properties (Perrier et al., 1995) can be pursued to obtain a comprehensive dynamic
predictive tool for evaporation from soil-like materials.
7.5

Conclusions
An empirical correlation to estimate the mass transfer coefficient for evaporation

from cracks was obtained from an external set o f water evaporation data. This correlation
connects the crack dimensions to the wind velocity and the property o f the compound and
is an approximate tool to predict emission potential from cracks. A simulation was
performed to evaluate the effect of cracks on the surface of a CDF using the correlation.
When the sediment properties were set uniform throughout the system, the cracks decreased
the flux by less than 5%. In the simulation, when the surface was considered to be dry
(higher retardation factor) and the cracks were wet (lower retardation factor), the presence
of cracks enhanced evaporation by as high as 85%. This suggests that the creation of large
surface area by cracks on a sediment surface has lesser influence on emissions rates than that
of changes in the sediment-air partition constants. Analysis o f the correlation showed that
surface wind velocity had the greatest influence on mass transfer from the crack, followed
by the crack depth. The crack width had the least influence on the evaporation. Further
experimental data is required to validate the empirical model.
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C hapter 8
Air Emissions from Dredged Material Suspension in a CDF
and Sediment Resuspension During Dredging
In chapter 1, the various locales in a CDF that contribute to contaminant loss by
volatilization were discussed. During the filling of the CDF, depending on the type of
dredging and transportation method used, the dredged material is a slurry with a high
moisture content. In a CDF, before the water drains away or evaporates, a portion o f the
dredged material is suspended in the excess water. In a CDF, the time taken for the water
to drain depends on the hydraulic conductivity and the height o f the dredged solids settled
beneath the suspension. After all the ponded water is lost, the dredged material might be
brought into suspension due to rainfall, when the previously exposed dredged material
surface is replaced with a suspension that sustains until the water is lost. Contaminant loss
might occur by volatilization from this suspension o f dredged material. The contaminant on
the dredged material is first desorbed into the water surrounding it and subsequently
evaporates from the aqueous layer. There have been no measurements o f total suspended
solids (TSS) generated in a CDF during the filling operation. However an important
situation concerning contaminated solids suspension is the resuspension o f bed sediments
during dredging. Suspended solids concentration values reaching 1000-2000 mg/L have
been reported in the water column surrounding the dredge during dredging. It is important
to estimate the release o f contaminants to water and air due to events leading to suspension
o f sediment in water. The problem can be divided into three conceptual units - generation
o f suspension, desorption o f contaminant into the water column and volatilization from the
water to air.
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Dredging o f sediments is performed mainly to facilitate navigation and is nonremedial in nature. However, there are reports o f high levels o f contamination at certain
sites in waterways, and dredging was performed to remove contaminated sediments in
order to isolate them from the biota in the waterways (‘remedial’ dredging). An ambient air
quality monitoring program at a site in New Bedford Harbor, Massachusetts, was initiated
to evaluate the impact o f dredging o f sites which can be termed as “hot-spots” or highly
contaminated zones. Operational changes were made to reduce emissions (Virag et al.,
1996). Van Oostrum and Vroege (1994) pointed out that, while dredging was a viable
contaminant isolation process, particular attention should be diverted towards the
minimization of contaminant release to the water column.
The dredge heads are the primary agents of dredging, since they constitute the point
o f contact with the bed sediment surface. Various dredge heads have been in use. The
criteria for the choice o f a dredge is governed by various factors, such as economy,
efficiency, means o f dredged material transport to its storage destination and the proximity
o f the storage location to the dredge location. Several methods are available for dredging
(Cullinane et al., 1986; Palermo and Pankow, 1988). Dredges can be classified based on
their basic method o f entraining sediments (hydraulic or mechanical), dredged material
transportation method (pipeline, scow or hopper), equipment used for excavating sediments
(cutterhead, dustpan or plain suction) and the type of pump used (centrifugal, pneumatic or
airlift). The conventional dredges were not designed for ‘remedial’ dredging and therefore
the design goals were not to minimize sediment resuspension.
Upon resuspension, whether near the dredge-head or in ponded water in a CDF,
contaminants originally within the sediment come in contact with water that contains little
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or no contaminant. The driving force for mass transfer is favorable for desorption o f
contaminant into the water. Contaminants in the water column are then available for
volatilization into the atmospheric boundary layer above the water column. The extent o f
desorption determines the availability o f compounds in the aqueous layer for volatilization.
Figure 8.1 shows the mechanisms governing the distribution o f contaminant between the
various phases present around a point o f resuspension such as a dredge-head or a sediment
suspension in a CDF. There are several questions relating to the fate and transport o f
resuspended particles and contaminants (Van Oostrum and Vroege, 1994). The primary
point o f interest is the amount o f contaminant released to the water column and to the
atmosphere and the time period for which contaminant release occurs at a substantial rate
from a CDF.
This chapter presents experimental studies to measure the volatilization o f
polynuclear aromatic

hydrocarbons (PAHs) from suspended sediments o f varying

concentrations. These studies were performed in an oscillating grid flux chamber that
resuspended bed sediments and sustained them. Different total suspended solids
concentrations (TSS) were generated using an oscillating grid for a given sediment
consolidation period. With each TSS, the contaminant concentration in water and the flux
to air were measured simultaneously. From these data the mass transfer coefficients for
volatilization from a suspension were obtained. These studies provide data to support the
mechanism o f volatilization from a suspension. The prediction o f suspension generation, by
different dredge-heads, and the desorption kinetics can be studied separately and combined
with the results presented in this chapter.
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Figure 8.1. A schematic of the distribution of contaminants resulting from resuspension of a contaminated sediment bed

8.1

Experimental
8.1.1

Oscillating Grids

To perform experimental simulations to study contaminant release from a
suspension o f sediment, a device to sustain a suspension must be used. Sediment
resuspension and sustenance is driven by turbulent shear stresses at the sediment-water
interface and in the water. There is a threshold value for the bed shear to cause resuspension
in significant quantity. One of the ways to achieve this is by the use o f an oscillating grid
turbulence generator. Oscillating grids have been used since the 1950’s to develop nearly
isotropic, laterally homogeneous turbulence on a small scale, without the mean shear
associated with water flowing over a surface. Many researchers have used this grid to study
topics such as mixing across density interfaces (Thompson and Turner, 1975; Hopfinger and
Tolly, 1976), turbulence near an air-water interface (Chu and Jirka, 1992), sediment
resuspension (Tsai and Lick, 1986; Huppert et al., 1995) and desorption o f contaminants
from sediments (Connoly et al., 1983). Chu and Jirka (1992) used a 50 cm x 50 cm square
tank with an oscillating grid mesh size o f 6.36 cm to study the aqueous-phase controlled
transport o f oxygen at air/water interface. Tsai and Lick (1986) used a small portable device
to determine resuspension potential for cohesive sediments in the field. Huppert et al. (1995)
studied the entrapment o f non-cohesive sediments using an oscillating grid. Connoly et al.
(1983) used an oscillating grid to study the desorption o f kepone from natural sediments to
water.
The established body o f literature discussed above provided the basis for selecting
the oscillating grid chamber as the device that generates shear-free turbulence and
suspension. However, no previous work was done linking all the processes mentioned in
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figure 8.1 (sediment resuspension - turbulence - air-water mass transfer) together in one
experimental setup. Consequently each o f the processes or mechanisms must be verified
against results reported in the literature from sediment resuspension/chemical flux chamber
developed in this study.
The results discussed in this chapter focus on the release o f three semi-volatile
organic compounds, pyrene, phenanthrene and dibenzofiiran to air with different levels of
sediment resuspension generated using the oscillating-grid flux chamber. The suspended
sediment concentration is related to the total kinetic energy imparted to the sediment. The
turbulence in the water column was quantified using a laser doppler velocimeter (Orlins et
al., 1997). These measurements of kinetic energy were then quantified to the oscillating grid
parameters. At each suspended sediment concentration generated, sediment to air flux and
water concentrations o f the organic chemicals were measured and mass transfer coefficients
to air estimated and interpreted.
8.1.2

Flux Chamber

A square flux chamber was chosen for construction and to make use o f the
well- developed theory o f oscillating grid turbulence. A large surface area o f the air-water
interface was desired to facilitate measurement o f chemical fluxes across it. The chamber
was constructed out o f clear acrylic plastic and was an open cube o f SO cm on each side
with a tight-fitting lid. A schematic representation o f the setup is shown in figure 8.2. The
grid consisted o f an 8 x 8 mesh made out o f 1.27 cm square aluminum bars, with a centerto-center spacing o f 6.25 cm, and a bar length o f 49 cm. The grid was connected to a 0.25
kW variable speed DC motor by a stainless steel shaft and eccentric drive. A steel frame
supported the drive motor and was permanently fastened to the lid. An acrylic guide was
160
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fastened to the back wall o f the tank and prevented the grid from rotating in the tank. The
grid stroke length could be adjusted from 2 to 12 cm by changing the pin location o f a
connecting rod between the vertical shaft and the eccentric drive. The oscillation frequency
was set and maintained by a closed-loop programmable controller. Frequencies from 60 to
600 rpm (1 to 10 Hz) could be maintained, depending on the stroke length.
Sediment was placed in the bottom of the chamber by removing the grid/lid/frame
assembly. Water samples were removed from the tank through sampling ports on the side
walls. The lid o f the chamber had several openings or sampling ports that facilitated the inlet
and outlet connections for the air and for other probes to measure variables such as velocity
or temperature or pressure. The basic oscillating grid chamber was constructed at the
Department o f Civil and Environmental Engineering, University of Minnesota and
transported to LSU, where modifications were made to facilitate suspended sediment/water
to air flux measurements.
8.1.3 Experimental Setup
As shown in figure 8.2, ambient air was pulled through a bed filled with 12 mesh
activated carbon (Aldrich Chem. Co., St. Louis, MO) connected at the inlet, across the airwater interface in the chamber, with help of a vacuum pump (VWR Scientific, West Chester,
PA. 0.25kW). The air outlet from the chamber was connected to a PAH trap (1-2 g o f
XAD-2 resin obtained from Supelco® Inc., Bellefonte, PA) held between two glass wool
plugs inside a glass tube. In the laboratory experiments with exposed sediments, flow rates
< 2 L/min were used and the commercial ORBO tubes could be used directly. However,
since higher flowrates were being used in this study, the dimensions of the PAH adsorbent
bed were readjusted. The ORBO tubes (described in sections 2-4) were designed for a
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maximum flowrate o f 2 L/min. This corresponded to a certain linear bed velocity. The new
larger trap was redesigned to maintain the same bed velocity as in the ORBO tubes. Air flow
rates o f 12 L/min and 24 L/min were used in the experiments.
8.1.4

Sediment and Tracers

The sediment used in the experiments with the oscillating grid were obtained
from University Lake, Baton Rouge, LA. The sediment was prepared and inoculated using
the same procedures described in Section 2.3.3. Pyrene, phenanthrene and dibenzofuran
were used as tracers in this study sediment. The relevant properties o f the sediment are
shown in Table 8.1. The contaminant properties are given in Table 2.1
Table 8.1 Properties of sediments and contam inants (University Lake)
sand(%)

3

silt (%)

41

clay(%)

56

fraction organic carbon (g/g)

0.03

bulk density (g/cm3)

0.67
0.7

total porosity
(b)C ontam inants

Sediment loading (mg/kg)
Schmidt Number, Scw

Dibenzofuran

Phenanthrene

Pyrene

66 ± 4

65 ± 5

69 ± 4

1666

1724

1818

8.1.5 Experim ental Procedure
Contaminated sediment was placed in the chamber spread evenly to a cm and a
small amount o f water (200 - 500 ml) to saturate the sediment. The sediment was then
mixed thoroughly and allowed to settle naturally. This resulted in the heavier and larger
sediment particle size fractions to settle at the bottom and the lighter, smaller particles to
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settle at the top o f the sediment bed. After consolidation for a few hours, sediment samples
were collected from the surface for polyaromatic hydrocarbon (PAH) analysis. W ater was
then added on top o f the sediment column, very slowly so as to avoid causing any
resuspension. This was achieved by pumping water at a very small flow rate using a
peristaltic pump and delivering the water over the sediment using a glass tube attached
parallel to the existing w ater surface. In all the experiments, the final height o f the water
column was 30-35 cm above the sediment surface. The lid-frame assembly was carefully
placed back on the chamber and secured tight.
The PAH trap was placed at the beginning o f a sampling interval and replaced before
the next sampling interval. The contaminant collected in the trap during any interval
constituted an air sample. Aqueous samples were collected through one o f the ports on the
side wall. Before the grid oscillation began, one set o f blank readings was taken by
collecting air and water samples. Pulling air through the chamber for at least two residence
times, without the grid operating flushed the accumulated vapor space. This was to ensure
that the values o f blank were true values of flux and water concentrations and not stagnant
PAHs, that might have accumulated during the consolidation period. An experimental run
was deemed to have begun when the grid stroke began. A stroke length o f 4 cm and
frequencies o f 2 to 5 Hz were used to obtain different degrees o f kinetic energy input. The
elevation o f the grid center o f motion from the bed was 8.5 cm.
8.1.6

Sample Treatment and Analysis

Sediment samples collected after the consolidation period were extracted and
analyzed for PAHs using the EPA SW-846 Method 8310 (sonication extraction). The Air
samples (PAH traps) were extracted and analyzed for PAHs using the NIOSH method 5506.
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Aqueous samples collected in large 1000 mL bottles and were split into three parts for the
analysis for total aqueous concentration (CAWT), free aqueous concentration (CAW) and total
suspended solids (TSS). The free aqueous concentration sample was obtained by filtering
the sample through a 1 pm glass fiber filter (Whatman®). The filtrate was the considered
as the ‘free’ aqueous sample. This filtration was performed as soon as the sample collected.
PAHs in both the aqueous samples (free and total) were extracted for PAHs by adding 40
mL of hexane and shaking for about 30 minutes. After the phase separation, the hexane was
transferred to a 20 mL vial and concentrated to about 2 mL using a stream o f nitrogen
(blowdown). The samples were transferred to a 2 mL volumetric tube and further
concentrated to about 0.2 mL. Acetonitrile was added to make up the volume to 2mL. All
the extracts (air, sediment and aqueous) were analyzed on a Hewlett Packard 1090L liquid
chromatograph, and a UV detector.
Total suspended solids (TSS) measurements were made using Standard Method
(1992) 2540D. 100 mL o f the sample was filtered through a pre-weighed 1 pm glass fiber
filter. The filters were then placed in an oven at 105°C for 24 hours. The difference in mass
of the filter before and after filtration was the mass o f solids in the sample collected. TSS
was calculated by dividing the mass collected on the filter paper by the volume o f the sample
collected. Dissolved organic carbon (DOC) in water was measured using Standard Method
(1992) 505A
8.1.7 Data Reduction
The flux to air, N A(ng/cm2/hr) was calculated from the total PAH captured in the
trap, AmA (ng), during the duration o f sampling At (hours) using the relation
NA=AmA/(At.A), where A is the air-water interface in the tank (=2500 cm2). The aqueous
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concentration measured is the total dissolved PAH concentration, C aWt . A correction was
applied to the PAH associated with the unfilterable DOCs and suspended solids using the
factor (1 + psK,j + PdocK doc)- Thus the ‘free’ dissolved PAH in water was
C

aw~

..

k C a"

( 8 1)

Ptss *^sw P o o crm o c)

where pTSS is the concentration o f suspended solids in water (kg/L), Pooc is the DOC
concentration (kg/L), Ksw is the sediment-water partition constant (L/kg), and K qqc is the
DOC-water partition constant (L/kg). CAWT is the total PAH concentration (kg/L) obtained
by extraction o f the whole sample. KSA was obtained from the knowledge o f the organic
carbon based partition constant, K ^ , and the fraction o f organic carbon in the sediment. For
the dissolved organic carbon, K qoc was assumed to be the same as
8.2

.

Results and Discussion
Before using the grid chamber for air emission flux measurements, it was deemed

important to demonstrate that the degree o f resuspension was uniform, and that a steady
state was achieved in a short time. It was also necessary to show that the size distribution
o f suspended solids in the water column spanned a narrow range. Hence, a series of tests
was conducted to determine the relationship between suspended solids and turbulence
generated by the oscillating grid. The total mass o f suspended solids was measured as a
function o f oscillation frequency, stroke length and consolidation time. Several tests were
run, with frequencies o f 150 to 650 rpm (2.5 to 10.8 Hz), strokes o f 2,3 and 4 cm, and
consolidation times o f 2 to 24 days. The initial elevation o f the sediments in the tank for this
series o f tests was typically 5 to 10 cm, and the water level was 20 to 35 cm. The grid was
adjusted to the desired stroke length, and positioned so that its center o f motion was either
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8.S cm or 12.5 cm above the bed. For each test, the grid was oscillated at its lowest
frequency, and water samples were withdrawn at regular intervals for analysis. The
observation o f suspended sediment concentration changes with time for a representative test
showed that a steady state concentration within measurement uncertainty was achieved in
10 to 30 minutes for each case (Orlins, 1996). For later tests, the oscillation frequencies
were maintained for at least 30 minutes before being increased.
Since there is no mean shear in an oscillating grid mixing chamber, the total kinetic
energy (E J o f turbulence provides a basis for comparing sediment suspension and mass
transfer under differing operating conditions.

Using the Hopfinger-Toly relationship

(Hopfinger and Toly, 1976), the following equation can be derived

Ek = a ( M S 3f 2z ' 2)

(8.2)

where a is 0.082 (DeSilva and Fernando, 1992), M is the mean mesh spacing o f the grid
(=6.25 cm), S is the stroke length (cm), z is the distance away from the virtual origin (=8.5
cm) and f is the frequency of the stroke (s'1). Et is in cm2/s2. A virtual origin is obtained by
extrapolation o f the integral scale to zero. It is, for all practical purposes, identical to the
mid-plane o f grid oscillation. Turbulence in the mixing chamber was quantified by
researchers at the University o f Minnesota, using a two-component laser doppler
velocimeter (LDV) system manufactured by TSI o f St. Paul, MN. The details o f the
measurements are given elsewhere (Orlins, 1996). The LDV system was configured to
measure velocities in the coincidence mode and allowed direct computation o f the Reynolds
stress, u and w, the instantaneous velocity fluctuations in the horizontal and vertical
directions.

It was also possible to measure the individual root mean square (RMS)
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velocities, it’ = v’, and w ’ which allowed the value o f

= 0.5 ( u’2 + v’2 + w ’2) to be

computed. The measured values were found to compare favorably to the predictions o f
equation 8.2, thus lending credence to the use o f the Hopfinger-Toly relationship to
characterize turbulence in the mixing chamber. Figure 8.3 displays the relationship between
the observed total suspended solids concentration (p.) and the corresponding value o f E*
estimated using equation 8.2. As can be seen from the figure, the suspended sediment
concentrations ranged from 0.01 to 3 g/1.
Consolidation is the term used to describe an in-bed process that occurs once the
particles arrive on the bottom. In a natural setting, such as occurred in the test apparatus
with saturated sediment, the individual particles arrange themselves in conjunction with each
other in a compact form expelling water up as they do so. This results in a tighter packing
arrangement and a bed with less porosity. Consolidation changes occur rapidly in the first
few days and less so as time passes. The net effect is a bed o f particles, with more contact
points for cohesion to occur, which in turn resists resuspension. Figure 8.3 indicates a
distinct difference in resuspension concentration for sediment allowed to consolidate for 11
days as opposed to 2 days.
The size distribution o f suspended particles in the water phase was determined using
an Elzone particle size distribution analyzer. Geometric mean particle sizes ranged for 10
to 14pm with and average size o f 11.7 pm. Geometric standard deviation ranged from 1.7
to 2 pm with an average o f 1.8 pm. The mean size was found to be independent o f the grid
oscillation frequency or sediment consolidation time. The uniformity o f the suspended
material under different operating conditions could be due to either the homogeneity o f the
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sediment or some mechanism which breaks down larger flocculated particles.

Such

mechanisms could include the turbulent shear associated with floes passing through the
oscillating grid. The uniformity in size is particularly significant since recently it has been
shown that for suspended particles in water the characteristic time for desorption varies with
particle size (Borglin, et al., 1996). Consequently, the concentration in the water column
will also vary and hence influence the flux to air. In the flux experiments, the homogeneity
o f suspended particles was assumed and any size-dependent effects on the air emission flux
were neglected. We also observed that the suspended sediment concentration was uniform
throughout the water column. For example, at an E k value o f 4 cm2/s2, we obtained
suspended sediment concentration o f 362±22, 362 ± 1 and 350 ± 3 mg/1, respectively at
distances 10,20 and 30 cm above the sediment surface. The uniformity o f suspended
sediment concentration also allows us to assume a single partition coefficient to represent
the equilibrium between the suspended solids and the water column.
The overall flux o f a contaminant from water to air is given by
(8.3)
where CAz is the air phase concentration o f contaminant A and Hc is the Henry’s constant
([mol/L]/[mol/L]). KAwis the overall aqueous phase mass transfer coefficient for chemical
A (cm/s). The water concentration is the ‘ free” water concentration that results from
contact with the suspended solids. Applying a mass balance over the air phase in the
chamber, we have at steady state,
(8.4)
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here Qt is the volumetric flow rate (cm3/s) o f air through the chamber and A is the area o f
the air-water interface. Therefore, we can obtain the following equation for the flux to air
at steady state in the grid-flux chamber

A

C

Aw

(8.5)

When KAw is small and Qa is large, the transfer o f PAH from water to air is mass transfer
controlled. At small values o f Qa, if the air above the water column in the grid-flux chamber
approaches equilibrium with the aqueous phase, then

(8.6)

Figure 8.4 shows the fluxes o f the three PAHs at an air flow rate o f 12 L/min, i.e.,
an air residence time

o f 2 minutes.

is the total volume o f air in the

chamber. This corresponded to an air velocity o f 5 cm/s. Also shown in Figure 8.4 is the
flux at a larger air flow rate o f 24 L/min, where the air velocity was 35 cm/s across the airwater interface. Free water concentration, CAw was measured as a function o f pTSS (or E J.
An example plot for the low air flow rate o f 12 L/min is shown in Figure 8.5. Increased
kinetic energy at the sediment/water interface resulted in increased suspended solids in
aqueous phase which also increased the aqueous phase concentration o f all three PAHs.
The sediment-to-air fluxes were substantial for all the compounds studied and varied as
DBF>PHE>P YR. The sediment concentrations o f the three compounds were similar, hence
the aqueous concentrations varied as DBF>PHE>PYR since the sediment-water partition
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constants were larger for DBF than PH E or PYR. The Henry’s constants were in the order
DBF>PHE>PYR. Therefore, the concentration driving force for volatilization was in the
order DBF>PHE>PYR, and the flux was also in the same order.
From the measured fluxes and “free” aqueous concentrations one can obtain the
overall aqueous phase transfer coefficient using equation 8.3. The values o f KAw were
calculated for each suspended sediment concentration (total kinetic energy). The appropriate
velocity scaling factor for the liquid phase turbulence in the tank is the so-called HopfingerToly velocity, U ^ , which is proportional to the square root o f the kinetic energy, (E J 172
(Chu and Jirka, 1992). As an illustrative example, a plot o f the calculated values of KAw
versus RCl for the low air flow rate o f 12 L/min is given in Figure 8.6. K Awgenerally varied
as DBF>PHE>PYR. Also shown in Figure 8.6 is the KAwvalue for oxygen mass transfer
(a liquid phase controlled process) obtained by Chu and Jirka (1992) using a grid-flux
chamber o f similar size. The value o f K Awfor PYR showed no appreciable dependence on
ReL within the small range o f values investigated, whereas that for DBF and PHE slightly
increased over the Reynolds number range o f 100 to 300. Since, for constant air velocity,
the liquid phase Reynolds number should influence only the mass transfer o f compounds
with appreciable liquid phase resistance, the conclusion can be drawn that for both PHE and
DBF there exist a contribution of liquid phase resistance for mass transfer from water to air.
In other words, the flux of PYR is independent o f liquid phase resistance for mass transfer
from water to air.

In other words, the flux o f PYR is independent o f liquid phase

turbulence; its rate is controlled by air-side resistance. The slope o f KAwversus Rex, for both
DBF and oxygen were similar, suggesting more liquid phase resistance for DBF than PHE.
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The coefficient KAw is composed of two entities, an aqueous side mass transfer
coefficient, kAw, and an air side mass transfer coefficient, k ^ (Thibodeaux, 1996).

1
^A w

1

1

= ------+ ----------^A w

(8.7)

^ A i^ C

kAwis generally determined from oxygen mass transfer data since kAw=KAwfor oxygen and
the measurement o f oxygen concentrations is standardized. Chu and Jirka (1992) obtained
a correlation for oxygen mass transfer coefficients in a similar grid-stirred tank for various
values o f Re^ When transformed to appropriate dimensionless groups it can be used for any
substance A in solution. Doing so yields
k A. =0.125(ReL ScAW) ,,’- - 2 i ^

(8.8)

where L = 0.1 z and ScAw is the Schmidt number for the SVOC in water. DAw is the
corresponding molecular diffiisivity o f the chemical. For each value o f ReL there is a
corresponding KAw. With equation 8.5 used for kAw, equation 8.4 can be used to extract a
representative k ^ for each observation shown in Figure 8 .6. Combining the equations yields:

k A. =

H,

( I / K AW) - 8 L . / ( D AwV'R eL S cAw)

(8.6)

The value o f k ^ depends on the gas phase Reynolds number, Reg, and the gas phase
Schmidt number, Scg. Since in this experiment only a single value of Reg was used for each
experiment (Reg = L.v/ug o f 1302 and 9117), we can extract only an average value o f k ^
for each compound as shown in Table 8.2. Given that the reported values o f Henry’s
constant for these compounds vary greatly (Valsaraj, 2000), the values o f k ^ listed should
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only be considered as estimates o f the gas phase mass coefficients. A more practical and
useful measure is the gas phase resistance, l/Hgk^. From the values o f

for each

compound, one can determine the corresponding value o f the gas-phase mass transfer
coefficient for water, kw„ applying the correction for diffijsivity (Thibodeaux, 1996). The
average value so obtained is also shown in Table 8.2.
Table 8.2. Estimated values of air-phase mass transfer coefficients for HOCs and
water
___
k, (cm/h)

% air side resistance

Compound

Ret = 1302

Ret = 9117

Ret = 1302

Ret = 9117

DBF

240 ± 93

716 ± 4 7 7

68 ± 7

47 ± 7

PHE

209 ± 61

1028 ± 443

88 ± 4

71 ± 10

PYR

153 ± 2 6

769 ± 165

96 ± 1

88 ± 5

Water

634 ± 93

2665 ± 528

100

100

As noted in Figure 8.4, the flux to air upon resuspension was found to increase
when the air flow velocity over the water column in the chamber increased from 5 cm/s (at
12 L/min) to 35 cm/s (at 24 L/min). At the increased air velocity the air boundary layer
thickness is decreased and hence the rate o f transport from water to air is enhanced. The
mass transfer coefficients for the three compounds were observed to be larger at the higher
air flow velocity as shown in Table 8.2.
From the values o f individual gas phase mass transfer coefficients for the
compounds, one can also obtain the gas phase mass transfer coefficient for water
evaporation by scaling the values to the appropriate ratios o f molecular weights. These
values are also shown in Table 8.2 for comparison. The gas phase transfer coefficient for
water evaporation increased from 634 cm/h at a Reg o f 1302 to 2665 cm/hat a Reg o f 9117.
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In the natural environment, under turbulent conditions, the gas phase mass transfer
coefficient for water evaporation is reported to be in the range 500 to 3,000 cm/h
(Thibodeaux, 1996).
As shown in Table 8.2, the average gas phase resistance o f the compounds is
significant and indicates that in estimating the volatilization o f S VOCs, gas-phase resistance
cannot be neglected. Therefore, it is improper to scale the overall mass transfer coefficients
for SVOCs directly from the oxygen transfer data, as is usually done for most volatile
contaminants.
In a CDF, during the filling stages when resuspension is the greatest, the air
emissions will also be substantial. However, since the particles will be o f diverse sizes, their
settling velocities will vary and the residence times o f particulates will differ according to
particle size.

Correspondingly, the concentration o f contaminant “available” for

volatilization from the aqueous phase will vary as particle concentration changes. As large
particulates settle to the bottom, the air emission will decrease until a degree o f constant
resuspension due to small particulates is realized. At this time, the air emission flux will be
sustained so long as there is a large concentration gradient for the chemical between the
aqueous phase and atmospheric boundary layer. Fortuitously, in the present design o f the
apparatus the particle size was kept constant due to the oscillating grid mechanism. The time
varying effects due to diverse particulate sizes will have to be simulated in the apparatus to
study the variation o f flux due to resuspension in actual CDF. Experiments will have to be
performed to ascertain the value o f KAw as a function o f air velocity near the air/water
interface, since it is the predominant variable affecting the mass transfer coefficient in a field
situation.
179

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

8.3

Conclusions
Sediment resuspension in a grid-flux chamber was related to the turbulence near the

sediment-water interface which was characterized by the Hopfinger Toly relationship. The
study was also a demonstration o f the use of an oscillating chamber modified to measure
surface flux from a column o f water. The flux o f the HOC tracers to air were measured at
various suspended solids concentration in the water and were found to vary in the order
dibenzofuran > phenanthrene> pyrene. The flux increased with increasing suspended
sediment concentration in water, increasing Henry’s constant and decreasing sediment-water
partition constant for the chemical. The overall mass transfer coefficients showed significant
air phase resistance for HOCs. The percentage air phase resistance increased with increasing
hydrophobicity, an observation also made from the results in Chapter 2.
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Chapter 9
Conclusions and Recommendations
The primary objective of the work presented in this document was to contribute to
the risk assessment framework being developed by the US Army Corps o f Engineers as part
o f the Long-term Effects o f Dredging Operations (LEDO) program. Specifically the study
was related to the proposed plans of the US ACE to store dredged contaminated sediment
material in upland confined disposal facilities (CDFs). Expressed public concern over the
possible human and ecological health risk that might exist on allowing a large a volume o f
contaminated dredged material to be exposed to air, led the US ACE to obtain adequate
data about volatilization. Among the chemicals o f concern were the class o f polynuclear
aromatic hydrocarbons (PAHs), many of which are suspected carcinogens. Fundamental
models were developed to predict volatile emissions under different conditions, but there
was little data to corroborate these models or to make conclusions about the human health
risk. The studies presented in the preceding chapters aimed at understanding the risk arising
from the volatilization o f hydrophobic organic compounds (HOCs) from exposed dredged
material in a CDF.
Figure 9.1 illustrates the different modules in the routine for assessing human health
risk arising from air pollution with HOCs originating from a CDF. The static parameters in
the risk model are the toxicological data and the extent of human contact with any
chemical. Toxicological data is usually expressed in terms o f a threshold value that is
deemed to be safe exposure limits. The important dynamic parameter that determines the
magnitude of risk is the concentration at any point in the vicinity o f the source. This data is
obtained from the use o f a dispersion model, where the static parameters are the site
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characteristics and the terrain. The dynamic inputs to the dispersion model are the
meteorological data and the chemical emission rate. Relevant meteorological data can be
obtained from site specific measurements. Chemical emission rates must be estimated from
a volatilization model at the source (a CDF). The discussion presented in this document aims
at establishing a robust model to predict emission rates o f HOCs from dredged material in
CDF.
9.1

L aboratory and Pilot Studies
From the results obtained in laboratory experiments it was observed how the

magnitude o f the emission fluxes depend on various physical and chemical parameters such
as hydrophobicity, diffiisivity, sediment moisture content and air relative humidity. A simple
diffusion model was used to represent the contaminant transport in the porous media. The
assumption o f local equilibrium at all times in the porous media is not rigorous, but valid
considering the absence o f any advective transport components and the low diffiisivities of
the chemicals in air or water. From the model simulations, two factors that affected porous
medai transport o f HOCs were the chemical partitioning between the various phases and
the effective diffiisivity. The chemical partitioning between the various phases present in
contact, in the porous media, determined the availability o f the chemical for transport. The
partitioning in turn depended on the amount o f organic carbon, sediment moisture content
and the nature o f the soil particle surface and composition. The effective diffiisivity o f the
diffusing chemical in a certain medium, either air or water, depended directly on the
available pore fraction o f that phase and the overall tortuosity o f the porous medium. The
experimental observations and the corresponding modeling inferences are summarized as
follows.
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•

Long term and short term emission fluxes: Laboratory flux measurements o f two
PAHs, pyrene and phenanthrene and one HOC, dibenzofuran provided both
qualitative insight and quantitative support for the mathematical models described.
Results showed that the flux o f a HOC from an exposed dredged material surface
was initially high and then decreased gradually. This was explained using a tworesistance theory that stated that in the early phase o f exposure the transport was
governed by the air-side mass transfer resistance and as the surface was depleted,
the sediment-side resistance controlled. The high flux period soon after exposure
was relatively short (1-2 days). The long-term flux was lower and is o f interest and
concern in the perspective o f extended human exposure and risk only if the resulting
ambient HOC concentrations were higher than the safe threshold limits prescribed
by EPA or OSHA. The high initial flux is thus o f greater importance both in terms
o f the worker exposure concentration in the immediate vicinity o f a CDF and also
the adjacent areas.

•

Reworking o f sediment: From the experimental results, reworking or tilling o f the
dredged material surface causes a flux increase because fresh contaminated material
from the lower depths is exposed to air, thus reinitializing the transport process. The
pilot scale CDF results verified this trend of high initial flux and the decrease with
time. The reworking event also generated fluxes higher than the long term average.
To predict concentrations after a reworking, the model simulations should be
restarted with initial concentrations set to that corresponding to the depth of the
rework. In a CDF, the filling process takes a long time (few days to a few weeks).
During this time, the previously deposited dredged material in the CDF is recurrently
184
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disturbed, and this is analogous to the reworking event demonstrated in the
laboratory and pilot scale studies. This suggests that the period o f filling the CDF
contributes to relatively higher contaminant release than when the dredged material
is settled. Even after a CDF is filled, a storm or a precipitation event o f high
intensity can disrupt the surface generating high release. This reiterates the
importance o f the high initial flux and its duration.
•

Effect of sediment moisture on partitioning: Laboratory results showed that flux
from a dry sediment (<1%) was lower that from a wet sediment (6.5% - 26%). This
results from higher partitioning o f HOCs at relatively low sediment moisture
contents (< 1%) causing higher retardation and consequently lower available
concentrations in the mobile phase. Laboratory results also showed that when a dry
surface is contacted with humid air, the emissions increase. This phenomenon has
been observed in a number o f instances relating to the sudden increase in pesticide
emissions from open agricultural fields during a rain event following a dry spell. In
the pilot scale CDF, a rainfall event was simulated after 75 days from start, but this
effect could not be observed, since the dredged material did not dry. Cyclic weather
conditions occur on a diurnal basis. An indication o f this can be obtained from the
observation o f diurnal fluctuation o f the air relative humidity in the meteorological
measurements at the pilot scale set up. (as high as 100% at night to as low as 10
during the day time). With respect to modeling, the partition constants must be
adjusted according to the sediment moisture regime (wet, dry or damp).
Independent measurements o f the partition constants or proven estimations must be
used. The change in the partition constant results in the recalculation o f the pore
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phase concentration and the retardation factor.
•

Sediment Porosity: Transport in the porous media also depends on the tortuosity o f
the pathway. The porosity (or the volume fraction) o f the transport phase (pore air
or pore water) depends not only on the basic soil structure, particle size and
composition and also on sediment moisture content. The dredged material had a
very high moisture content initially and the transport pathway was modeled as
predominantly in the pore water. In the model, this stage was represented by pore
water transport using the pore water retardation factor and the effective diffiisivity
in the pore water. From the observations in the laboratory and pilot scale
experiments, exposed sediment lost moisture in the first few days and the porosities
changed. The air-filled fraction o f the pores increased and the transport was modeled
as predominantly in the vapor phase. The model simulation was performed using
pore air concentrations, pore retardation factor and effective diffiisivity o f the
contaminant in pore air.

•

Oil and grease: The presence o f oil and grease in sediments was observed to play a
part in the emission o f HOCs from aged sediments. Laboratory flux experiments
with sediments (both low and high moisture content) spiked with the contaminants
and the oil and grease illustrated increased adsorptive retardation for the chemicals
in question. No other physical phenomenon was observed to contribute to the
decrease in emissions. The model incorporated the effect o f oil and grease by
including the oil phase in the mass balance and consequently changing the
retardation factor. In effect, this reduced the concentration of the contaminant
available for transport. In other studies, referred to in the document, the oil and
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grease associated with bed sediments rearranged their position tothe surface when
there was a flow of water over the surface. The presence o f a potential to cause their
movement was absent in the present study where the sediments were exposed to air.
•

Capping o f CDF surface: As mentioned above the pilot scale experiment verified a
number o f aspects observed in the laboratory experiments. There were emissions
from exposed sediments. Along with the task o f assessing a health risk by placing
large volumes o f contaminated sediments, the US ACE is also interested in options
to minimize emissions notwithstanding the health risk. One o f the commonly used
emission control measures is capping. The use o f two different cap materials, sand
and clean sediment, were observed to decrease emissions substantially. The non
sorptive sand cap provided a diffusive resistance, reducing the flux. The sediment
cap acted as a filter, adsorbing the diffusing chemical. Designer cap material can be
tailored using special adsorbent material interspersed in a an inexpensive cap
material such as soil or sand.

•

Cracks on dredged material surface: Large cracks cover the surface o f dredged
material due to drying and shrinkage. An empirical mass transfer correlation was
developed and applied to analyze the effect on the overall emission fluxes.
Comparison o f simulation o f emission from a cracked surface and un uncracked
surface suggest that the cracks do not have a significant impact. Further validation
is required to prove the robustness of the correlation.

•

Sediment resuspension: Resuspension o f sediment occurs during dredging or in a
CDF during filling operations or due to flooding. Chemical desorption into water
leads to their volatilization. From a risk assessment point o f view, this can be
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significant if the suspended solids concentration generated are large and frequent.
In the laboratory experiments with an oscillating grid chamber, fluxes were
measured at various suspended solids concentrations. The emission to air increased
directly as a relation to the suspended solids concentration and the consequently
high water concentration. During the experiments, it was also observed that
following the removal o f the external energy after sediment material was
resuspended, all fractions o f the solids did not settle to the bed. A finite quantity o f
sediment matter remained in suspension. It is possible that a large portion o f the
organic matter in the sediment might be associated with this suspended fraction.
Since in wet sediments, the majority o f the hydrophobic organic compounds are
bound to the organic matter in the sediments, it is speculated that the a significant
fraction o f the contaminants might be suspended and continually desorbing to the
water column and thus providing a pathway for the chemical into air. Further studies
in our laboratory are being pursued to investigate these issues that can potentially
contribute to the issue o f the effectiveness o f dredging.
From the pilot scale and laboratory results discussed in this document, and at the
contaminant levels in the sediments tested, no serious long term hazards were observed,
based on available exposure limits prescribed by the US EPA/OSHA. However, the spikes
o f high fluxes are of concern with respect to increased chances o f risk.
9.2

Recommendations
The current study is a step towards determining the risk from volatilization from

exposed surfaces in CDFs. However, there were a few aspects that were not considered and
are important based on the conclusions presented above.
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•

Biodegradation was not rigorously studied in any o f the systems. The use o f a
biocide was to inhibit any growth o f microbial populations. However, studies were
not performed to assess the presence o f any micro-organisms that might have
relapsed or introduced in the air stream. Concern o f biodegradation may not be
important if the measurement o f fluxes alone was the objective. However,
biodegradation affects the contaminant concentrations available for transport. In this
perspective, it is important to consider biodegradation in the transport scheme for
the prediction of fluxes to air. Experiments must be conducted to assess aerobic and
anaerobic degradation rates on exposure to air.

•

In the current study , flux measurements were made in laboratory and pilot scale
systems and the observations were extrapolated to field conditions. However, it is
important to obtain measurements o f fluxes at a CDF and apply the current models
to the field data. Efforts are being made to progress to this stage.

•

Only one technique was chosen and used to measure contaminant fluxes and validate
the models. For the models to be truly considered as robust, measurements must be
made using other techniques described in chapter 2 and compared.

•

Polynuclear aromatic hydrocarbons (PAHs) were the primary focus o f the
experimental measurements. The modeling effort was however targeted towards the
class o f hydrophobic organic chemicals that included polychlorinated biphenyls
(PCBs) among others.

These chemicals have different chemical behavior and

interactions between the sediment. Experimental studies have been performed in the
past with PCBs as the focus. More number o f observations are necessary to extend
the validation of the models using PCB fluxes.
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•

In terms o f the modeling efforts, the present study deals with static model
parameters. However, it was observed in the experiments that a number o f critical
variables varied dynamically. This was incorporated by reinitializing the model to the
changed parameters using initial concentrations. This is erroneous even if there
might not be a large discrepancy. Using a numerical method, one can input new
values for these parameters at every time step. Additional studies must be performed
to obtain the dynamic behavior o f these critical parameters.
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Appendix A
Chromatographic Analysis
Ail chemical analyses were performed using liquid chromatography (HP 1090 and
HP 1100 series instruments from Hewlett Packard) with an auto sampler.. A column prefilter (0.53 p) was used in line before guard column (Envirosep-PP 03A-3029-R0,
Phenomenex ®) and the main column (Envirosep-PP OOE-3029-RO, Phenomenex ®). All
extracts ready for analysis were in acetonitrile. Direct water samples were injected without
transfer to acetonitrile in experiments to measure KoW.
The flow rate o f the mobile phase was set at 0.5 ml/min. UV absorbance was
measured for each compound (sample signal at 250 nm and reference signal at 350 nm).
Fluorescence was optionally available with adjustable signal gains. The excitation and
emission wavelengths were set for phenanthrene (^-exc = 244 and XB(ISS = 360) and all other
compounds (dibenzofiiran and pyrene) were calibrated with these settings.

External

standards (of chemicals in acetonitrile), prepared in the laboratory, were used to calibrate
the UV absorbance and fluorescence to concentration units.
Analysis of air samples: Gradient method with mobile phase composition - 55% acetonitrile
+ 45% water at time t= 0 min changing to a mobile phase composition o f 85% acetonitrile
and 15% water at time t=15 min and maintained until t = 17 minutes.
Analysis of sediment samples: Gradient method with mobile phase composition - 55%
acetonitrile + 45% water at time t= 0 min changing to a mobile phase composition o f 95%
acetonitrile and 5% water at time t=25 min and maintained at this composition until t = 30
min.
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Appendix B
Sample MathCad Worksheets
B .l. Flux and Concentration Profile from Exposed Sediment
System parameters! fo r PHENANTHRENE):
C alculation of effective diffusivity

air filled porosity

ea :=0.627

total porosity

et :=0.682

Diffusivity of PHE in air

Da :=5.8 •1CT6

Effective Diffusivity

ea 3
D :=Da------et2

m2/s

w

D = 2.631* ic f6 m*/s
Calculation o f Retardation factor

sedim ent to air partition constant

ksa :=819

m 3/kg

sedim ent bulk density

bd :=741

k g /m 3

fractional organic carbon

foe :=0.03

fractional oil and g rease

fog :=0

Retardation factor

R :=ea +- bd ksa
R = 6.069* 105

Calculation of Initial chem ical concentration in the pore a ir

Sediment loading

W s0:=50 l0"6

, ^

WsO bd
CO :=---------R

^
Initial Concentration

C0 = 6.105M0-8

Air side m ass transfer coefficient

kg/kg

kg/m3

ka -.=0.0008

m/s

Sim ulation p aram eter
m

—

..

nnn

io o o

* array of time steps in which surface flux profil
^ em ulated from

timen :=( 10-m-t-10) 3600 seconds
erfc(x) := 1 - erf(x)
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SurfaceFlux(t) :=C0ka-exp(

^~Jlerfclka-

^ ^

conversion := 3600-10
Flux := conversion -SurfaceFlux (time )

m

\

m/

IS

10

s
F lux_

c

§

s

0
0

2000

4000

6Q00
tim e_
n*

8000

1*10A

3600
T im e , hours

Concentration Profile calculation

z max div := 100

L:=0.1

j :=0.. z_max_div

m

z. :=L-(------ 1-----J
\z_max_div
time .-3600-2000
ConcCalc(z,t) :=C0- e r f.

time at which the profile is desired
R-z

• exp

^4-D R-t

^kaz

D

ka2-t •erfc

DR

conc. := ConcCalc^z., time j
conc.-R
,
Ws. :=------1— -106
i
bd

mg/kg
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60

B.2. Flux and Concentration Profile from Capped Sediment

System param eters! fo r PHENANTHRENE):
C alculation o f effective diffusivity

air filled porosity of sedim ent
total porosity of sedim ent

eal := 0.627
etl :=0.682

air filled porosity of cap

ea2 :=0.4

total porosity of cap

et2 :=0.4

Diffusivity of PHE in air

Da := 5.8 ■1(T6

Effective Diffusivity in sediment

eal 3
D, :=Da-------e tl2

m2/s

jo

D j = 2.63 l- io ”6

ma/s

jo
Effective Diffusivity in cap

D2 :=Da--------et22
D 2 = 1.709* 10- 6

m2/s

Calculation of R etardation factors

sedim ent to air partition constant

ksa:=819

m3/kg
kg/m3

sedim ent bulk density

bd:=741

fractional organic carbon

foe :=0.03

fractional oil and g rease

fog :=0

Retardation factor in sediment

Rj :=eal + bd-ksa
R ( = 6.069* 105

Retardation factor in cap

R2 :=1000

Air side m ass transfer coefficient

k<
a1:=0.0008

Cap Thickness
b :=0.09 m
a:= 0.07

m

m/s

Height of contaminated sedim ent + cap
Height of contaminated sedim ent
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Sim ulation param eter:

m := 1.. 1000
time :=( I0m +- 10) 3600 seconds

■I

* array of time step s in which surface flux profile
is calculated from
In itial concentration
specification:

load :=(0-t-37.7)-lCT6
cm :=

load-bd

cin = 4.603*10-8
b

kg/m3

0

cO := a cin

0 0
n o te s :

1. The ac0' array should be in order of descending depth
w here the left entry is *z’ and the right is ’cone’ of the
layer directly below it.
2. Specify the interface position, ’a ’, explicitly in the array
(as this simplifies the integration process)
3. Top entry m ust contain the value of ’b’ in the ’z ’ position
and the concentration of the surface zone in the ’cone’
position
4. Bottom row must contain a zero-zero ordered pair
5. This array is used to calculate the initialisation integral
6. Below is a plot which displays the intial concentration
that has been specified by the ’cO’ array

plot_cO := x«—[cOQ O 0 ]
for i € 0.. (rows(cO) —2)

p :=0.. (rows(plol_cO) - 1)
InitConc :=p!ot_cO
x«—stack(x,y)
depthp :=plot_cOp Q

x
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C alculate System Eigenvalues

System eigenvalues, pn, are the roots of the
following transcendental function, f(P)

f t p ) ^ C j - p - s i n ^ - p J - i - C j - p - s i n ^ - p J + C j - c o s ^ p jH -C yC osfC g p)
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Defining the of range significant eigenvalues, p=[0,bmax]
to :=20

'W

= adjustable param eter to define range
of significance

= l”in ([|C 2 | l C« l l c 6 | I C. I])
= range of significance p=[0,p_max)

This subroutine calculates the roots
of f(P) within the range P 'lO .P m J

notes:
1. The adjustable param eter V is used
to determ ine the range of significance
P=[0,PmaJ (ie. the range in which the
eigenvalues are calculated)
2. Choose and V such that the final
concentration profile h as a high
enough resolution frequency to yield
an appropriate (smooth) curve
0=20 is a good inital estimate
3. Usually 10-20 eigenvalues, ie 'P's is
a reasonable num ber for most lim e'
variables
4. Higher num ber of eigenvalues are
required for short values of the 'time'
variable (ie. higher values o f'o')
5. The values of the eigenvaules are
calculated by the rigorous
bracketing-bisection algorithm
6. 'P-array*, can be seen in the
graph on the following page
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P_array

bnds0«—0
for i e 1.. 2
max |

nb sub«—floor

C2

i

for j e 0.. nb_sub — I
bnd

+
'

'

IC2'i |

bnds*—stack( bnds, bndsub)
for i e 3.. 4
nb sub*-floor

fP max • C2 -i

for j e 1.. nb_sub
bnd sub.«
-

jn

J

2-i
bnds*—stack( bnds, bnd_sub)
bnds*—sort(bnds )
tol*-0.0001-P max
n*—0
for i e 1.. (ro w s(b n d s)- 1)
if

bnds.i—,l < bnds.i
f(bnds.)*0
(f(bnds._,)-f(bnds.))<0
UB«—bnds._ ( if f(b n d s ._ J » 0
UB*—bnds.I otherwise
LB«- bnds.I —

I

while (U B —LB)^tol
UB - LB
UB— pn if f(UB)-f(Pn)£ 0
LB«—Pn if f(LB)-f(pn)> 0
-U B
n«—n + -1
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Plot of th e transcendental function and calculated roots, ie. system eigenvalues
n :=0.. (rows(P_array) - 1)
P :=p_array
zero_arrayn :=0
0.04

0.02

0
«X)

zero_«nayn
XXX
-

0.02

-

0.04

-

0.06

0

1

S»10 4

0.0015

C alculate System Eigenfunctions

Define the eigenfunction coefficients, A ^p^'s and Bjfli^'s

A( i , p) : = 0 if i s I
- — -cos/p-

|-sin[p •

a

j +-cos la
m-

\

FI \ FI
B ( i,p ) :=

a

\

• la
a
l-sinfp-------

otherwise

\ FI \ F

I if i s l

y• I

/

n \

j

—-J-sin/p-____\-sin/p

\h

^ \
j
H -cos P-

[ FI \ FI

^ \ l
^ \
cos potherwise

\ FI \ FI

Define eigenfunction, ^(P n)

4 '( i,z ,p ) := A ( i,p ) s in

I R.
R.
^
- i- z - p -j-B (i,P)cosl -L-z-p
D.
,
D.
•
/
*
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where:
T * layer number
'z' * position
*b‘ * an eigenvalue

C alculate th e norm alisation in teg ral, initialisation
integral and differential o f th e surface eigenfunction

Normalisation integral
NormIntegraI( (3)

{

( ¥ ( 1 ,z , P ))2d z + R • I

:=Rr [

JO

(4 '(2 ,z ,p ) ) 2d z

Nn :=NormIntegral^Pn^
Initialisation integral

subroutine u sed to locate which
layer a particular value of
'z' belongs to
layeifz) := 12 if a < z£ b
1 otherwise

subroutine used to calculate the initialisation
integral from the array ’cO’

InitIntegral(P) := sum*—0
for k e 0.. (rows(cO) - 2)
i«—layer (cOkQ)
•cO,k.O
sum*—sum-t-cO.k, ,1 R.i

4 '(i,z ,P )d z
cO,k ’f - 1 , 0

sum
In :=InitIntegral^Pn^

Surface eigenfunction differential

cffn :=

A(2' p- ) co! #
W

2

R2
sin — b p ,
b|J" - B(2. 0
d2
•*
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C alculate tha surfaca flux profile

SurfaceFlux := 3.6-10 u

-D„

Nn n

“

8000

1*10,4

(Flux in ng/cm’/hr)
2

SivfjccFlux

0
o

2000

4000 lime6000

m

3600

C alculate the final concentration profile

z_max_div := 100

j :=0.. z_max_div

,_m ax(tim e)
lime max '
i#—layer(z)

ConcCalc(z) :=

c. :=ConcCaIc^z.^

o.i

0.05

o
212

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

z. —bJ
\z max div
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